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FOREWORD 

T h i s  r e p o r t  is the Final  Engineering  Report  summarizing  the  work 
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program were M r .  R. F. Kirk,  D r .  L.  M. Os te r ink ,  M r .  C .  B. H i t z , D r .  G .  A. 

Massey,Dr.  P .  J .  T i t t e r t o n  and M r .  R .  S .  Reynolds. 

All t h e  work  performed  under this c o n t r a c t  w a s  adminis tered by t h e  

Optics  Branch,  NASA-Electronics  Research  Center,  Cambridge,  Massachusetts. 

M r .  John F. Fan ta s i a  w a s  t h e   p r i n c i p a l   t e c h n i c a l   r e p r e s e n t a t i v e   f o r   t h e   O p t i c s  

Branch. 
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ABSTRACT 

This r e p o r t   p r e s e n t s  the r e s u l t s  of a design  s tudy  and  pre-  

l iminary   des ign  of a s p a c e   q u a l i f i e d  Nd:YAG laser. A t h e o r e t i c a l  model 

o f   t h e  Nd:YAG laser is deve loped   t ha t   a l l ows   eva lua t ion   o f  the e f f e c t   o f  

var ious   parameters   on  laser performance. 

Low power (1 w a t t )   s p a c e   q u a l i f i e d  Nd:YAG lasers will b e  low 

ga in   devices .  The e f f i c i e n c y   o f   t h e  laser w i l l  be  much e f f ec t ed   by  

i n t e r n a l   d i s s i p a t i v e   l o s s   i n   t h e  laser c a v i t y .  Good performance  can, 

t h e r e f o r e ,   n o t   b e   e x p e c t e d   i f   i n t r a c a v i t y   e l e m e n t s   s u c h  as non-l inear ,  

second  harmonic   genera t ion   c rys ta l s   o r   e lec t ro-opt ic   modula tor   c rys ta l s  

h a v e   s i g n i f i c a n t   l o s s .  

Various pump lamps are eva lua ted .  Lamp h e a t   l o s s  is shown t o  

g r e a t l y   i n f l u e n c e   t h e  laser pumping eff ic iency.   Potassium  lamps  with 

sapph i re   j acke t s   and   ope ra t ed   i n  vacuum f o r  minimum h e a t   l o s s  are found  to  

b e   t h e   b e s t  pump lamp f o r  Nd:YAG. An ou tpu t   o f  1 watt   can  be  expected  with 

150 watts in to   t hese   l amps .   L i f e t imes   o f   10 ,000   hour s   appea r   poss ib l e   i n  

t he   nea r   o r   immedia t e   fu tu re .  

Radiat ion  cooler   weight   requirements  make cryogenic  laser 

opera t ion   imprac t ica l .   Incoherent   semiconductor   d iodes   appear   to   be  

p o s s i b l e  w i t h  n e a r  room temperature   operat ion.   Such  diode  array laser 

pumps have  not   yet   been made, but  should  produce  very good laser perform- 

ance when they are developed. An autput   o f  1 w a t t  can  be  expected  with 

100 w a t t s  i n t o   s u c h  a d iode   a r r ay .   L i f e t ime  of these   devices  may be 

ex tended   to  100,000 hours   with  fur ther   development .  

Sun pumping, e s p e c i a l l y  i n  a dua l  pumping arrangement  appears 

t o   b e  a f e a s i b l e ,   v e r y   l o n g - l i f e   a p p r o a c h   f o r   s p a c e   q u a l i f i e d  Nd:YAG. 

Conduct ive  cool ing of t h e  Nd:YAG laser rod  and  use  of   heat  

p i p e s   t o  move t h e   h e a t   t o  a r a d i a t i o n   c o o l e r  is the   p re fe r r ed   des ign  

t e c h n i q u e   f o r   t h e  space q u a l i f i e d  laser. 

Mode locking   by   in jec t ion   locking  is shown t o   b e   p o s s i b l e   w i t h  

low l o s s  a t  high  c /2L  f requencies  (500 MHz).  Low frequency  modulation 

(50 MHz) r equ i r e s   an   i n t r acav i ty   modu la to r .   Fused   qua r t z   r e sonan t   acous t i c  

modula tors   p roduce   the   lowes t   in t racavi ty   loss .  
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SECTION I 

INTRODUCTION 

1.1 General 

The development of a s p a c e   q u a l i f i e d  Nd:YAG laser has  been  planned 

as a two phase   s equen t i a l  work  program  covering  design  (Phase I),  and  hard- 

ware development,construction,and test (Phase 11). This   report ,   which  covers  

t h e   r e s u l t s  of the d e s i g n   p h a s e ,   g i v e s   t h e   d e t a i l s  of t he   des ign   s tudy  and 

p re l imina ry  laser design as w e l l  as the r e s u l t s  of   exper imenta l   s tud ies  per- 

formed  dur ing   the   f i r s t   phase .  

The object   of   the   program is to   p rov ide  NASA wi th   severa l   working  

models  and a con t inu ing   sou rce   o f   supp ly   fo r   so l id  s ta te  cw mode-locked,  doubled, 

s p a c e - q u a l i f i e d ,   l a s e r s   s u i t a b l e   f o r   o p t i c a l   c o m u n i c a t i o n s ,  laser ranging,  

nav iga t ion  and metero logica l   p robing .  

The ob jec t   o f   t h i s   Phase  I program was to   perform  an  engineer ing 

des ign   s tudy   in   accordance   wi th   the   des ign   goa ls   which  w i l l  be   ou t l i ned  

below.  The s tudy  was t o   i n c l u d e :  

(1) C a l c u l a t i o n   o f   t h e   i n t e r a c t i o n   o f   a l l   c r i t i c a l   p a r a m e t e r s .  

(2 1 Labora tory   exper iments   in tended   to   suppor t   ca lcu la t ions  

of c r i t i c a l   p a r a m e t e r s .  

(3) Per fo rm  t r ade -o f f   s tud ie s   t o   op t imize   ove ra l l   e f f i c i ency ,  

min imize   weight   and   s ize ,   maximize   re l iab i l i ty   and   l i fe t ime,  

and assure  uniformity  of   performance.  

1 



( 4 )  Li te ra tu re   r ev iew.  

(5 I n v e s t i g a t i o n  of the s ta te -of - the-ar t   in   commerc ia l  

lasers, cooling  technology  and laser pumping techniques 

( i n c l u d i n g   p a s t  work  on  solar-pumped Nd:YAG). 

( 6  Consul ta t ion   wi th  NASA c e n t e r s   f o r   e l u c i d a t i o n   o f  the 

spacecraf t   sys tems  conf igura t ions   and   envi ronmenta l  

cond i t ions .  

(7 )  Visits t o   u n i v e r s i t i e s   a n d  non-NASA government   l abora tor ies  

for   in format ion   exchange   purposes .  

Pre l iminary   des ign   conf igura t ions  were to   be   deve loped  a t  the  culminat ion  of  

the   des ign   s tudy   and  i t s  rev iew  wi th  NASA techn ica l   pe r sonne l .  

The des ign   goa l s   fo r   t he   Space   Qua l i f i ed  Nd:YAG Laser were: 

u 1 Laser t o   o p e r a t e   i n  cw mode-locked conf igu ra t ion .  

(2 Laser t o  be Neodymium doped s o l i d  s t a t e  r o d ,   t o   o p e r a t e  

a t  1.06 p wavelength .   I f  material o t h e r   t h a n  Nd:YAG 

is chosen,   performance  superior   to  Nd:YAG t o   b e  demon- 

s t r a t e d .  

( 3  ) P r o v i s i o n   i n   t h e   e n g i n e e r i n g   d e s i g n   s h o u l d   b e  made f o r  

inclusion  of   second  harmonic  generator  as a n   a d a p t a t i o n  

of   the  system. 

( 4 )  To ope ra t e   w i th  an i n i t i a l   a v e r a g e   o u t p u t  power of  (5) 

watts (preferab ly  a t  53208). 

(5 To demonst ra te   the   capabi l i ty   o f   an   opera t ing /nonopera t ing  

l i f e  of   th ree   (3)   years ,   the   cumula t ive   in te rmi t ten t  

opera t ing   por t ion   o f   which   sha l l   be   no t  less than  2,000 

hours .  (An o p e r a t i o n a l   l i f e  of 10,000 h o u r s   s h a l l   b e  a 

goa l . )  The average  output  power sha l l   no t   d rop   be low 

one (1) w a t t   a t  2,000 h o u r s   i n t e r m i t t e n t   o p e r a t i n g  time. 

- . .. .. .. . . " . . . . .. 
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To have   ope ra t ion   w i th  a po la r i zed   ou tpu t .  

To o p e r a t e   i n  the TEMoon mode w i t h  a beam divergence  not  

t o  exceed  three (3) m i l l i r a d i a n s .  The beam should   be  

c i r c u l a r   i n   c r o s s   s e c t i o n   w i t h i n  50% of d i f f r a c t i o n  limit. 

To o p e r a t e   w i t h  a cool ing  system  compatible   with  space 

environment. 

Cool ing   sys tem  to   in t roduce   negl ig ib le   mechanica l   v ibra-  

t i o n   a n d / o r   d i s t o r t i o n   i n t o   t h e   o p t i c a l   p e r f o r m a n c e   o f  

the laser undergoing   opera t ing   condi t ions .  

(10) System t o   o p e r a t e   w i t h   n e g l i g i b l e   i n t e r f e r e n c e  from t h e  

pump l i g h t .  

(11) To o p e r a t e  w i t h  n e g l i g i b l e   e l e c t r o m a g n e t i c   f i e l d   l e a k a g e .  

(12) To operate   normally  without   readjustment   fol lowing 

environmental  tests. 

1 . 2  Techn ica l   D i scuss i sn  

I n   t h i s   s e c t i o n   t h e  "state of t h e  art' '  i n  Nd:YAG l a s e r s  w i l l  be 

assessed and  compared with  the  design  goals   of   this   program. From t h i s  com- 

pa r i son   t he   p r imary   t echn ica l   obs t ac l e s   t o   r ea l i z ing  a s p a c e   q u a l i f i e d  Nd:YAG 

l a s e r  w i l l  be   def ined .  

The 1.06  micron Nd:YAG l a s e r  was d i s c o v e r e d   i n  1964 .l The rare 

e a r t h  Nd ion   had   been   success fu l ly   i nco rpora t ed   i n to  a number of c r y s t a l l i n e  

and   g l a s s   hos t s   and   ope ra t ed   i n   bo th   pu l sed   and   con t inuous  lasers p r i o r   t o  

t h i s .  The excep t iona l ly  good  thermal  and  mechanical  properties of t h e  Yttrium 

Aluminum Garnet (YAG} c r y s t a l   r e s u l t e d   i n  i ts  quickly  becoming  the  primary 

cont inuous Nd laser material. It a l s o   f o u n d   a p p l i c a t i o n   i n  a number of  pulsed 

lasers. 

3 
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Laser th re sho lds  as low as 400 watts were repor ted   us ing   tungs ten-  

i o d i n e  pump lamps. Laser output  powers as  h igh  as  305 watts a n d   e f f i c i e n c i e s  

as h igh  as 3.5  percent  were repor t ed   u s ing  K r  a r c  pump lamps .3 The laser has  

been mode and frequency  doubled.6 The Nd:YAG laser w a s  indeed  one 

of the  primary  continuous lasers and i ts  c o n s i d e r a t i o n   f o r   s p a c e   q u a l i f i c a t i o n  

w a s  w e l l  founded. A h igh   e f f i c i ency   con t inuous  laser poss ib ly  mode locked  and 

doubled seemed achievable  a t  t h e  1 t o  5 watt l e v e l   d e s i r e d   f o r   s p a c e   a p p l i c a -  

t i o n .  

z 

The s p a c e   q u a l i f i e d  Nd:YAG laser requi res   the   combina t ion   of   the  

good a t t r i b u t e s  of a number of d i f f e r e n t  laser exper iments .   High   e f f ic iency  

has  been  achieved  only a t  high  output  powers  (hundreds  of  watts);   however,   the 

s p a c e   a p p l i c a t i o n   r e q u i r e s   h i g h   e f f i c i e n c y  a t  low  power (wa t t s ) .  Good  mode 

locking  and  high  eff ic iency  doubl ing of t he   a t t a inab le   1 .06   mic ron  laser power 

i n t o  0.53 micron power have   been   ob ta ined   wi th   inef f ic ien t   1 .06   micron  lasers. 

Low laser thresholds   have   been   ach ieved   wi th   h igh   re f lec t iv i ty   mir rors   wi th  

very  low laser output  power.  Operating l i f e   g r e a t e r   t h a n   1 0 0   h o u r s   h a s   b e e n  

rare indeed   fo r  Nd:YAG laser pump lamps. Long o p e r a t i n g   l i f e  (> 2000 hours)  

Nd:YAG laser experiments  have,  however,   been  obtained a t  low (< 1 percen t )  

laser e f f i c i e n c y .   P o l a r i z e d   a n d   s i n g l e   s p a t i a l  TEM mode output   has   been 

obtained a t  low e f f i c i e n c y .  

00 

We f i n d   t h e n   i n   r e v i e w i n g   t h e  Nd:YAG laser  ' ' s tate of t h e  art ' '  t h a t  

each of t h e   s p a c e   q u a l i f i e d  laser des ign   goa ls   can   be   ob ta ined   ind iv idua l ly .  

The quest ion  to   be  answered is  whether   they   can   be   ob ta ined   co l lec t ive ly .   In  

p a r t i c u l a r ,   c a n  a l l  of t he   des ign   goa l s   be   ob ta ined   w i th  a low th re sho ld  laser 

t h a t   o p e r a t e s  a t  h i g h   e f f i c i e n c y ?  A p r i m a r y   p a r t   o f   t h e   d e s i g n   s t u d y   t o   b e  
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r e p o r t e d  here, involves  development  of a t h e o r y   f o r   t h e  Nd:YAG laser t h a t  

i n c l u d e s   s u f f i c i e n t   p a r a m e t e r s  that these quest ions  can  be  answered.  

The f e a s i b i l i t y   o f  a p a r t i c u l a r  Nd:YAG laser meeting a p a r t i c u l a r  

set o f   d e s i g n   g o a l s   d e p e n d s   c r i t i c a l l y   o n  the i n p u t  power ava i l ab le   f rom a 

s p a c e   c r a f t .  We posed   the   ques t ion   of  how  much s p a c e c r a f t  power could  be 

made a v a i l a b l e   f o r  a laser t o  a number of NASA and A i r  Force  people   experienced 

i n   s p a c e c r a f t   d e s i g n .  The  answer, i n   g e n e r a l ,  w a s  as fol lows:  

Laser i n p u t  power of 50 watts can   usua l ly   be  made a v a i l a b l e .  

A s  much power as 100 watts can  be made ava i l ab le   on  some 

f u t u r e   s p a c e c r a f t .  Powers  of 200 watts and  more a r e   o n l y  

i n t e r m i t t e n t l y   a v a i l a b l e   a n d   r e q u i r e  shut-down o f  most 

o t h e r   s p a c e c r a f t   f u n c t i o n s .  

We have ,   therefore ,   p laced   spec ia l   emphas is   on   opera t ion  a t  inpu t  powers as 

much below 200 watts a s   poss ib l e .   Th i s  is somewhat i n c o n s i s t e n t   w i t h   t h e   d e s i g n  

goa l  of 5 watts ou tpu t  a t  preferab ly   0 .53   microns .  However, w e  found a g e n e r a l  

d i sagreement   be tween  var ious   po ten t ia l   space   l aser   users ,   and   the   typ ica l  re- 

qui rement   appears   to   be  more l i k e  1 w a t t   a t   1 . 0 6   m i c r o n s   o r  100 m i l l i w a t t s  a t  

0.53  microns.  A g o a l  of t r y i n g   f o r  as low of   th reshold  as p o s s i b l e  and e f f i c i e n t  

o p e r a t i o n   a t   t h e  l o w  avai lable   spacecraf t   powers   appeared  most   prudent .  It would 

of   course   be   poss ib le   to   modi fy   such  a l a s e r   f o r   h i g h e r  power o p e r a t i o n .  

Review  of t h e   t e c h n i c a l   l i t e r a t u r e   h a s   t u r n e d  up  two approaches  to  

Nd:YAG laser des ign   t ha t  shows  promise f o r   s p a c e   a p p l i c a t i o n .  The f i r s t  of 

t h e s e   u s e s   a r c  pump lamps t h a t   e f f i c i e n t l y  pump  Nd:YAG and t h e   o t h e r   u s e s  

incoherent   semiconductor   diodes.  The arc lamp pumped Nd:YAG laser experiments 

most c l o s e l y   m e e t i n g   t h e   r e q u i r e m e n t s   f o r  a s p a c e   q u a l i f i e d  Nd:YAG laser are 

5 



t h o s e   u t i l i z i n g . t h e  K-Hg arc lamp . These   exper iments   u t i l i zed  a la rge   heavy  

s p h e r i c a l  pump cavi ty   and  water coo l ing  which are n o t   d e s i r a b l e   i n  a space  

q u a l i f i e d  laser b u t   t h e y   d i d  come c l o s e  t o  meet ing   the   des i red   th reshold   and  

e f f i c i e n c y .  The r e su l t s   o f   t hese   expe r imen t s   have   impor t an t   bea r ing   on   t he  

lamp  pumping s e c t i o n s  of t h i s   d e s i g n   s t u d y .  

7 

Incoherent  G ~ A S ~ - ~ P ~  e lec t ro luminescent   d iodes   have   been   used8   to  

o p e r a t e  a Nd:YAG laser cont inuously when bo th   t he   d iodes   and   t he   l a se r   rod  

were maintained a t  7 7  K. Operat ion a t  t h i s  low t empera tu re   g rea t ly  eases t h e  

problems  of   making  the  incoherent   diodes  and  s ignif icant ly   lowers   the laser rod 

th re sho ld .  Such  low t e m p e r a t u r e   o p e r a t i o n   s i g n i f i c a n t l y   i n c r e a s e s   t h e   s p a c e  

r a d i a t o r   s i z e  and   weight   requi red   to   d i ss ipa te  waste h e a t   i n t o   s p a c e ,  however. 

It is  p robab ly   no t   p rac t i ca l   t o   u se   t empera tu res  much below 300 K i n  space 

q u a l i f i e d  lasers. The p o s s i b i l i t y  of  ex tending   incoherent  diode-pumped Nd:YAG 

lasers to   h ighe r   ope ra t ing   t empera tu res  is t h e r e f o r e   e x p l o r e d   i n   t h e   d e s i g n  

s tudy .   Incohe ren t   s emiconduc to r   d iodes   exh ib i t   ve ry   l ong   l i f e t imes  when 

ope ra t ed   a t   modera t e   ou tpu t   l eve l s .   Th i s  i s  a g r e a t   a d v a n t a g e   f o r  a space  

q u a l i f i e d  laser pump. The  low pump power per  diode,  however,  means t h a t   a r r a y s  

of many d i o d e s   a r e   r e q u i r e d   t o   o b t a i n   l a s e r   o u t p u t  powers  of watts. 

0 

0 

Nd:YAG is a f o u r   l e v e l  laser ma te r i a l   and   has  a low populat ion of 

t h e   l o w e r   l a s e r   l e v e l  a t  t h e   o u t s e t   o f   o p t i c a l  pumping. An i n v e r s i o n  i s ,  

t h e r e f o r e ,   e a s i l y   a t t a i n e d   a n d   t h e  laser th re sho ld  is low.  The  lower laser 

l e v e l  is neve r the l e s s   s l i gh t ly   t he rma l ly   connec ted   w i th   t he   g round   s t a t e  and 

empties   quickly  thereby  not   producing a b o t t l e n e c k .  The g a i n   t h e r e f o r e  sat- 

u ra t e s   s lowly  and h i g h   c i r c u l a t i n g  laser power l e v e l s  may be  maintained.  The 

pump bands  of Nd:YAG are rather   thin,   however ,   and  only a s m a l l   p o r t i o n  of a 
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broad  band pump l i g h t  is  usefu l ly   absorbed .  It is ,  t h e r e f o r e ,   d i f f i c u l t   t o  

o b t a i n   h i g h   i n v e r s i o n  levels. The n e t   r e s u l t   o f  these e f f e c t s  is t h a t   t h e  

g a i n   i n  Nd:YAG lasers is n e v e r   v e r y   h i g h   f o r   o u t p u t  powers  of a few watts as 

r e q u i r e d   f o r   t h e  space q u a l i f i e d   l a s e r .  The technology of Nd:YAG l a s e r s ,   o f  

up t o  a few watts ou tpu t  power, is t h e r e f o r e   t h a t   o f  low o p t i c a l   l o s s .  We 

w i l l  show i n  the des ign   s tudy   t ha t   fo l lows  that t h e   o p t i c a l   l o s s   i n t r o d u c e d  

by a p a r t i c u l a r   d e s i g n  item is the   p r imary   cons idera t ion   for   choos ing   be tween 

a l t e r n a t i v e s .  
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SECTION 2 

THEORETICAL MODEL OF THE ND:YAG LASER 

2 . 1  I n t r o d u c t i o n  

I n   t h i s   s e c t i o n  w e   w i l l  develop a t h e o r e t i c a l  model  of t h e  Nd:YAG 

laser t h a t   i n c l u d e s  as many of t h e   l a s e r   d e s i g n   p a r a m e t e r s  as p o s s i b l e .  The 

a n a l y s i s  w i l l  s t a r t  from a set  of   four- level  r a t e  equations.   Using  proper 

s impl i fy ing   assumpt ions ,   these   equat ions  w i l l  be   reduced  to  a set  of  two r a t e  

equa t ions - - -one   fo r   t he   i nve r s ion   dens i ty ,   and   one   fo r   t he  laser pho ton   dens i ty .  

T h e   s t e a d y   s t a t e   s o l u t i o n  of t h e s e   e q u a t i o n s   g i v e s   t h e   d e s i r e d   t h e o r e t i c a l  

model.  The o p t i c a l  pumping p a r a m e t e r s   i n   t h i s   m o d e l  w i l l  then  be  expressed 

i n  terms of t h e  laser rod s i z e  and t h e   i n p u t  power t o   t h e  pump lamps. We w i l l  

then  have a t h e o r e t i c a l  model containing  most  of t h e   p a r a m e t e r s   a t   o u r   d i s p o s a l  

i n   d e s i g n i n g  a laser. 

We w i l l  then  

t h e   l a s e r   o u t p u t  power 

show t h e   e f f e c t s  of v a r i o u s   p a r a m e t e r s   i n   t h e   t h e o r y   o n  

2 . 2  Four-Level Rate Equat ion  Analysis  

Nd:YAG is an  example  of 

t h e   v a r i o u s   l e v e l s   i n v o l v e d .  The 

l eve l   has   ene rgy  E and t h e  pump 2’ 

a 4- level  laser material. F igure  2-1 d e p i c t s  

ground s ta te  has  energy E the   lower  laser 

bands  have  an  energy  dis t r ibut ion  which w e  

1’ 

c a l l  E I n  a good laser material such as  Nd:YAG the   fo l lowing   sequence  is 

followed. The laser material is i r r a d i a t e d   w i t h  pump l i g h t   p h o t o n s   t h a t   r e s u l t  

i n  a c e r t a i n  pumping r a t e  W from level 1 t o   l e v e l  4 .  The laser i o n s   i n   l e v e l  4 

4’ 

14 

8 



E4 Pump Bands 

E2 - 4  
5 1 / 2  

F igu re  2-1 Energy  Levels of Nd:YAG,a Four Level Laser Material 
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spontaneous ly   decay   wi th   var ious  lifetimes T i n t o   t h e   l o w e r   l y i n g   l e v e l s .  The 

l i f e t i m e  T fo r   decay   i n to   t he   uppe r  laser level  is i d e a l l y  much s h o r t e r   t h a n  

any  of t he   o the r   decay  times from l e v e l  4 .  

4 A  

4 3  

The upper laser l e v e l ,  E3, i s  usua l ly   me tas t ab le   w i th  a l o n g   l i f e t i m e  

f o r   d e c a y   i n t o  a l l  i t s  lower   ly ing   leve ls .   The   spontaneous   decay   f rom  leve l  3 

t o   l e v e l  2 of c o u r s e   p r o d u c e s   t h e   p h o t o n s   t h a t   i n i t i a t e  laser o s c i l l a t i o n .  An 

i m p o r t a n t   c o n s i d e r a t i o n   f o r   i n i t i a t i o n   o f  laser o s c i l l a t i o n  is t h e   t o t a l  number, 

p,   of  resonant modes p o s s i b l e   i n   t h e  laser resonator   vo lume,VR,s ince   in   genera l  

only  one of t h e s e  modes is i n i t i a t e d   i n t o   o s c i l l a t i o n .   T h i s  number i s  given by 

t h e   f a m i l i a r   e x p r e s s i o n  

2 h v  AvV 
P =  

R 

C 2 

where v = t h e  laser op t i ca l   f r equency  

Av = the   f requency   wid th  of t h e   l e v e l  3 t o   l e v e l  2 spontaneous  emission 

VR = t h e   o p t i c a l   r e s o n a t o r  volume 

c = the   speed of l i g h t  

For   successful  laser ope ra t ion   t he   p r imary   l o s s  mechanism  from l e v e l  3 i s  stimu- 

l a t ed   emis s ion   w i th  a t r a n s i t i o n  r a t e  W 32 * 

The lower laser l e v e l ,  E2,  should   idea l ly   have   low  popula t ion  a t  a l l  

times. The decay   l i f e t ime  T s h o u l d   t h e r e f o r e   b e   v e r y   f a s t  and t h e  pumping 

rate from  the  ground s t a t e  W should  be  low. 

21  

1 2  
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We a l s o   h a v e   t o   c o n s i d e r   t h e   p h o t o n s   s t o r e d   i n   t h e  laser re sona to r  

c a v i t y .  The  number s t o r e d   p e r   u n i t  volume  of  resonator w i l l  be   designated  by 

p .  Photons are l o s t  f rom  the  resonator   by  t ransmission of t he  laser m i r r o r s  

t o   p r o d u c e   t h e  laser  output  power and  by d i s s i p a t i v e   s c a t t e r i n g  and  absorpt ion 

l o s s e s   i n   t h e   o p t i c a l   c a v i t y .  The   photon   cav i ty   l i fe t ime,  T is then  given by 
C '  

' = ~. -". .~ 1 
c (loss pe r   round   t r i p ) ( round   t r i p s   pe r   s econd)  

where a = t he   ave rage   s ing le   pas s  l o s s  

LR = o p t i c a l   r e s o n a t o r   l e n g t h  

c = speed  of l i g h t  

We may  now write ra te  e q u a t i o n s   f o r   t h e  number of  ions N N N 3 ,  and N4 per 

u n i t  volume s t o r e d   i n   t h e   v a r i o u s  laser i o n   l e v e l s .  

1' 2 '  

- = W  dN4 (N - N )  N 4  N4  N4 
d t  1 4  1 4 T~~ T~~ T~~ 

N4 N3 = W  ( N - N ) + - - -  - -  N3 - W (N -N ) 
d t   1 3  1 3 T~~ T~~ T 31 32 3 2 

N3  N4 N2 - =  dN2 W (N - N )  + W  (N - N )  -I"+--- 
d t  1 2  1 2 32 '32 '42 '21 

I 

N3 P 
@ = W  ( N - N ) + - - -  
d t  32 3 2 p~~~ T =  
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L e t  u s  now s i m p l i f y   t h e s e   e q u a t i o n s .   I n   t h e  rate e q u a t i o n   f o r   l e v e l  4 

l e t  us   account   €or  the T~~ and T~~ terms by a quantum e f f i c i e n c y   f a c t o r  Q.. 

Assume t h a t  N s o  t h a t  w e  c a n   r e p l a c e  N -N by N1. The s i m p l i f i e d   r a t e  

e q u a t i o n   f o r  level 4 becomes 

l"N 4 1 4  

" dN4 N4 - W  N - - -  d t  14 1 T ~ ~ ~ I  

The l i f e t i m e  of l e v e l  4 is i n   g e n e r a l   v e r y   s h o r t  s o  w e  can   assume  s teady   s ta te  

c o n d i t i o n s  and 4 = This  assumption i s  of c o u r s e   e x a c t l y   t r u e   i n   t h e   c o n t i n -  dN 

d t  
0 .  I 

uous  case.  The popu la t ion   dens i ty  N is then 4 

1V4 = r l - N  W T 1 14 43 

We may  now s u b s t i t u t e   f o r  N i n   t h e  rate e q u a t i o n   f o r   l e v e l  3. Also 4 
assume N < < N  so t h a t  w e  can   rep lace  N -N 

f o r   l e v e l  3 becomes 

3 1  1 3 by N1- The s i m p l i f i e d   r a t e   e q u a t i o n  

N ,   N -  dN e 
- =  3 W N + "W14N1 - W (N -N ) - - - - 3 3 

d t   1 3  1 32 3 2 T~~ T~~ 

L e t  u s   d e f i n e   t h e  pumping r a t e  W and t h e  quantum e f f i c i e n c y  11 by 

Then, 

" dN3  N3  N3 d t  - nWN1 - W (N -N ) - - - - 32 3 2 T~~ T~~ 
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Assume t h a t   t h e  terms i n  T~~ and W12 may b e   n e g l e c t e d   i n   t h e  rate 

e q u a t i o n   f o r  level 2.  Then, 

" dN2  N3 N2 
d t  32 3 2 T~~ -c 

- W (N -N ) + - - -  
21 

from  equation  (2-7).  

dN N3  N3 N2 - = I ~ W N ~ - Z W  N - 2  d t  32 + -  
'32 '31 '21 

Define,  

= 2 N  [+ + 7 1 + " N2 1 + - 2 - 2"- 4 (2-10) 
32  31 2N (7 21 '32 T 31 - 

where T w i l l  b e   c a l l e d   t h e   t o t a l   l i f e t i m e  of t h e   i n v e r s i o n .   I n   g e n e r a l  

N < < N s o  t h a t  N2/N < < 1 and w e  may assume 

T 

2  3 

1 1 1 - = -  + -  
T 'T 3 2  31  

2-r 
(2-11) 

This  i s  s l i g h t l y   d i f f e r e n t   t h a n   t h e   t o t a l   u p p e r   l a s e r   l e v e l   l i f e t i m e   w h i c h  would 
1 

be  given  by T = - 1 1 + -  
'32 '31 

. The  upper laser l e v e l   l i f e t i m e  is e a s i l y  meas- f 

ured by time o b s e r v a t i o n  of spontaneous  f luorescence  and i s  r e a d i l y   a v a i l a b l e   i n  

t h e   l i t e r a t u r e .   I f   t h e   b r a n c h i n g   r a t i o s  r and r are known T may b e   d e t e r -  32  31 T 
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mined wi th   t he   fo l lowing   equa t ion  

1 r32 

T Tf 

r 
+ -  2-c 

3 1  

f 
- =”- 

T 
(2-12) 

S u b s t i t u t i n g  -c i n to   equa t ion (  2-9),we g e t   o u r   f i n a l  rate e q u a t i o n   f o r  T 

t h e   i n v e r s i o n   d e n s i t y  

The r a t e   e q u a t i o n   f o r   t h e   p h o t o n   d e n s i t  y i n  (2-3) i 

(2-13) 

.s f o r   t h e  case whe !re 

t h e  laser material volume  and t h e  laser r e s o n a t o r  volume are equal .  We w i l l  

g e n e r a l i z e   t h i s   t o   t h e   e x t e r n a l   m i r r o r  case where   t he  laser material volume, 

and  the laser resonator  volume, VR, are d i f f e r e n t .   S i n c e   i n   g e n e r a l  N > > N 2 ,  w e  

w i l l  assume t h a t  N = N i n   t h e   s p o n t a n e o u s   e m i s s i o n  term. We w i l l  a l so   gener -  

a l i z e   t o   t h e  multimode  case  where n modes of t h e  laser can   be   exc i t ed .  The 

photon   dens i ty  ra te  equat ion  i s  t h e n  

“L , 

3 

3 

(2-14) 

The s t imu la t ed   emis s ion  rate W must   be  expressed  in   terms  of   para-  32 

meters. The  number of s t imu la t ed   emis s ions ,  N s ,  p e r   u n i t  time per   uni t   volume is  

Ns = W32N = ILoN (2-15) 

14 



where IL = t h e  laser l i g h t   i r r a d i a n c e   o r   p h o t o n s   p e r   u n i t  area p e r   u n i t  time 

t r a v e r s i n g   t h e  laser material. 

u = t h e   s t i m u l a t e d   e m i s s i o n   c r o s s   s e c t i o n   p e r   i n v e r t e d  laser ion .  

where c i s  the   speed  of l i g h t .  

The pumping ra te  W must a l so   be   expres sed   i n   t e rms  of parameters .  T i e  

nllmber of pump photon  cbsorpt iol ls+ N p e r   u n i t  time p e r   u n i t  volume i s  
P 7  

N =WN1=I u N  
P P P l  

(2-17) 

where I = t he  pump l i g h t   i r r a d i a n c e   o r   p h o t o n s   p e r   u n i t  area per   un i t   t ime 
P 

t r a v e r s i n g   t h e  laser material. 

0 = t he   ave rage  pump l i g h t   a b s o r p t i o n   c r o s s   s e c t i o n   p e r   l a s e r   i o n .  
P 

The pump pho ton   i n t ens i ty ,  I depends  on  the  s ize   of   the  laser m a t e r i a l  and t h e  
P’ 

pump lamp  and pump c a v i t y   c o n f i g u r a t i o n .  L e t  us  assume  that  w e  have a w e l l  

designed laser s u c h   t h a t   t h e  pump l i g h t  is imaged  on t h e  laser rod  for   each 

r o d   s i z e  w e  cons ide r .   Wi th   t h i s   a s sumpt ion ,   t he   i r r ad iance ,  I is  j u s t   t h e  

t o t a l  number of pump photons,  emi t t ed   pe r   un i t  time div ided  by t h e   c r o s s  

s e c t i o n  of t h e  laser r o d   p r e s e n t e d   t o   t h e  pump l i g h t .   C o n s i d e r i n g   c y l i n d r i c a l  

laser r o d s   f o r   s i d e  pumping 

P 7  

@ P ,  

9 
I = ( s i d e  pumping) 

P L d  
(2-18) 
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where L = laser r o d   l e n g t h  

d = laser rod  diameter  

and we have  assumed  only  one  or  two  passes of t h e  pump l i g h t   t h r o u g h   t h e   l a s e r  

rod .  

For  end  pumping 

(2-19) 

where E = t h e   a x i a l   d i s t a n c e   f r o m   t h e   e n t r a n c e   e n d  of t h e   r o d .  

LM = t h e   a x i a l   d i s t a n c e  a t  which   the   i r rad iance   has   decreased  by e.  

To s i m p l i f y   t h i s  case w e  w i l l  de te rmine   the   average ,  I of I (E) i n  
- 

P Y  P 
an  end pumped laser rod   of   l ength  L. 

L 
" 

I = (E)dL 
P L  P 

(2-20) 

U t i l i z i n g  (2-2), (2-13, (2-141 (2-15),  (2-16h and(2-13, w e  can write t h e  two 

coupled ra te  equa t ions   t ha t   gove rn   ope ra t ion  of t h e  Nd:YAG laser 

- = n N p  - ~ c u P N  - - 2N 

T 
dN 
d t  T 

(2-21) 

d p = -  'L copN i- - pclc 
'R pT32 LR d t  
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L e t  us now c o n s i d e r   t h e   s t e a d y  s t a t e  s o l u t i o n  of these  coupled rate 

equat ions .  - dN = dp s o  
d t   d t  

cu pN + 3 
'L " 3 2  

- -" 

(2 -22)  

(2 -23)  

Solving (2 -22)  f o r  N ,  s u b s t i t u t i n g   i n t o  (2 -23)  and so lv ing   €o r  p and 

assuming we  can   neg lec t   t he  term conta in ing  p w e  g e t  

1 
2 VR CUT T 

Using Q-16, t h e  two way l a s e r   i r r a d i a n c e ,  IL, i s  

L nN VL 
I L = R 2 " -  1 

2 VR OT T 

(2-24)  

(2 -25)  

The one way laser i r r a d i a n c e  w i l l  be   ha l f  of IL. I f  t he  area of t h e  laser beam 

i s  A, t h e  laser mir rors   have  a t o t a l   o u t p u t   t r a n s m i s s i o n ,  T ,  and w e  mul t ip ly  

by hvL, the   photon   energy ,   the  laser output  power i n  watts is given by 

17 



L e t  us  d e f i n e   t h e   f o l l o w i n g  

qNparT R L L V  

go - 
- 

2vR 

2 m ,  
B = - ”  

A hv, 

Then,  equation(2-25)  becomes 

(2-26) 

(2-27) 

(2- 28) 

(2-29) 

L e t  u s  now de te rmine   t he   s ign i f i cance  o f   each   o f   t he   va r i ab le s   i n   equa t io r  

(2-29). We h a v e   a l r e a d y   d e f i n e d   t h e   t o t a l   m i r r o r   t r a n s m i s s i o n ,  T ,  ( t h e  sum @$ T1 

and T ) , a n d   t h e   s i n g l e   p a s s   l o s s ,  a .  The t ransmiss ion  l o s s  i s  of  course  included 

i n  a .  Let’s f u r t h e r   d e f i n e  a as composed of ha l f   o f   the   double   pass   t ransmiss ion  

lcss, T ,  and a s i n g l e   p a s s   d i s s i p a t i v e  loss,  a . 

2 

0 

m 
a = -  

2 l + a  
0 

(2-30) 
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L e t  us a l s o   d e f i n e   t h e  one-way o r   c i r c u l a t i n g  power P i n   t h e  laser 
C 

c a v i t y .  

PC = - A  L 
2 (2-31) 

The laser output  power is t h e n   j u s t   t h e   p r o d u c t  of t he   t r ansmiss ion  T and PC 

= T PC 

Equating (2-29) and (2-32, 

(2-32) 

(2-33) 

Now, i n   t h e   s t e a d y  s ta te  c o n d i t i o n   g a i n ,   g ,  must e q u a l   t h e  loss a. The g a i n  

must ,   therefore ,   be   expressed  by 

g0 
g = 1 + B P c  

(2-34) 
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This  is  j u s t   t h e   e q u a t i o n  fo r  s a t u r a t e d   s i n g l e   p a s s   g a i n   i n  a homogeneous laser 

material.’ Our fo rmula t ion   o f   t he  ra te  equations  has  assumed homogeneous 

broadening   s ince  w e  have  assumed tha t   any   pho ton   can   s t imu la t e   any   i nve r t ed   i on .  

The  homogeneous assumption i s  c o r r e c t   f o r  Nd:YAG. It becomes  somewhat i n c o r r e c t  

f o r  Nd:Glass. 

The ga in   dec reases   o r   s a tu ra t e s   w i th   i nc reas ing   c i r cu la t ing   power ,P  . 
We see t h a t  go i s  t h e   s i n g l e   p a s s   g a i n  a t  z e r o   c i r c u l a t i n g  power and is t h e  

s a t u r a t i o n   p a r a m e t e r .   S p e c i f i c a l l y ,  1 / B  i s  t h e   v a l u e  of P a t  which   the   ga in  

s a t u r a t e s   t o   h a l f  of t h e   i n i t i a l   v a l u e .  It s h o u l d   b e   n o t e d   t h a t   t h i s   d e f i n i t i o n  

of B is  f o r   o s c i l l a t o r s   a n d   a s s u m e s   t h a t  P traverses t h e  laser material i n  

two d i r e c t i o n s .   F o r   a m p l i f i e r   c a l c u l a t i o n s  a d i f f e r e n t   q u a n t i t y  Ba = BI2 must 

b e   u s e d .   T h i s   f o r m u l a t i o n   c a n   a l s o   b e   u s e d   f o r   o s c i l l a t o r s   i f   t h e   t o t a l  power 

2P t r a v e r s i n g   t h e  laser material is used.  

C 

C 

C 

C 

It i s  u s e f u l   b e f o r e  w e  l e a v e   t h i s   s u b j e c t   t o   c o n s i d e r   t h e   r e l a t i o n s h i p  

of go t o   t h e   i n v e r s i o n   d e n s i t y ,  N. Consider   in(2-21)the rate equa t ion   €o r  N 

f o r   t h e   s t e a d y  s t a t e  case,   dN/dt  = 0 and   t he   unsa tu ra t ed   ca se  p=O. Then 

Using  equation  (2-27), 

(2-35) 

(2-27) 
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Assuming t h e   r e s o n a t o r   a n d   t h e  laser material have   t he  same diameter,  

V = d L and VL = x d L, and subs t i t u t ing   f rom  equa t ion   (2 -35) ,  ' T T 2  ' T T 2  
R R 

go = aLN (2-36) 

2.3 . Model for   Radiat ion  Emission  f rom Pump Source 

I n   t h i s   s e c t i o n  w e  w i l l  i n t roduce  a model f o r   t h e  pump r a d i a t i o n   e m i s s i o n  

from a pump source.  A s  an  example, l e t  us   cons ider  a tungsten-iodine lamp wi th  

which w e  r an   t he   expe r imen t  shown i n   F i g .  2-2.  The output   f rom  the lamp is 

f i l t e r e d  by a narrow  band f i l t e r   t h a t   t r a n s m i t s   e n e r g y   o n l y   i n   t h e   p r i m a r y  Nd:Y AG 

laser pump band spec t r a l   r ange .   The   r ad ia t ion   t r ansmi t t ed  i s  de tec t ed  and a record 

is made of d e t e c t e d   r a d i a t i o n  as a f u n c t i o n   o f   i n p u t  power t o   t h e  pump lamp. 

A graph of the  data   f rom  such  an  experiment   performed  with a tungsten-  

i o d i n e  pump lamp i s  shown i n   F i g .  2-2. The  graph starts f rom  the   coord ina te  

o r i g i n  which a t  f i r s t   h a s  a cu rved   cha rac t e r i s t i c   and   t hen  becomes l i n e a r .  The 

l i n e a r   p o r t i o n  of t h i s   g r a p h   c a n   b e   a c c u r a t e l y   r e p r e s e n t e d  by a l i n e a r   i n t e r c e p t  

equat ion .  

(2-37) 

where Pr = t h e  power r a d i a t e d   i n t o   t h e   d e s i r e d   s p e c t r a l   r e g i o n  

kr 
= t h e   s l o p e   r e p r e s e n t i n g   t h e   e f f i c i e n c y   o f   c o n v e r t i n g   i n p u t  power 

i n t o   t h e   d e s i r e d   r a d i a t i o n  

= t h e   i n p u t  power t o   t h e  lamp 
'in 

Po = t h e   i n t e r c e p t   o f   t h e   l i n e a r   c u r v e   w i t h   t h e  Pin axis. 
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Figure 2-2 Narrow  Band  Radiation  Output as a  Function of Input 
for the Tungsten-Iodine  Lamp 



r 

This  model   no t   on ly   ho lds   for   the   tungs ten- iodine  lamp shown i n  

F ig .  2-2. It a l s o   a p p l i e s   t o   t h e  Hg arc1', and w e  have  found i t  a p p l i e s   t o   t h e  

K r  arc,  t h e  K-Hg arc,  and   t he  RbI-Hg arc. With P =O i t  a l s o   a p p l i e s   t o   t h e   i d e a l  

l i nea r   i npu t -ou tpu t   cha rac t e r i s t i c   wh ich  is  approached by incoherent   semiconductor  

d iodes  . 

0 

2.4 T h e o r e t i c a l  Model f o r   t h e  Nd:YAG Laser 

We can  now f o r m u l a t e   o u r   t h e o r e t i c a l  model  of t h e  Nd:YAG laser. Because 

"_ - . " . - " - ~  """ 

o f   t h e   d i f f e r e n c e   i n   t h e   a v e r a g e  pump l i g h t   i r r a d i a n c e   f o r   t h e   s i d e  pumped and 

t h e  end pumped laser cases, w e  w i l l  have  to   have a model f o r   e a c h .  We w i l l  show 

a l l  d e t a i l s   f o r   d e v e l o p m e n t   o f   t h e   s i d e  pumped t h e o r e t i c a l  model  but w i l l  only 

g i v e   t h e   f i n a l   r e s u l t s   f o r   t h e  end pumped case .  

"~ 
2 .4 .1   S ide  Pumped Laser 

Cons ide r   t ha t  w e  have a s i d e  pumped Nd:YAG laser o f   t he   t ype  shown i n  

F ig .  2-3. 

The  power r a d i a t e d   i n t o   t h e  laser pump bands i s  g iven  by  equation(2-37). 

The t o t a l  number  of pump photons,  r e a c h i n g   t h e  laser rod  i s  
+P , 

(2-37) 

(2-38) 

where k = t h e  pump c a v i t y   t r a n s f e r   e f f i c i e n c y .   ( T h i s   c o n s t a n t   i n c l u d e s  
P 

t h e   e f f e c t   o f   m u l t i p l e   r e f l e c t i o n s   i n   t h e  pump c a v i t y . )  

h v  = t h e   a v e r a g e  pump photon  energy. 
P 
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The pump l i g h t   i r r a d i a n c e   i n   t h e  laser rod is then  f rom  equat ion (2-18) 

where L = t h e  laser r o d   l e n g t h  

d = t h e  laser rod  diameter  

(2-39) 

The pump p h o t o n   a b s o r p t i o n s   p e r   u n i t  t i m e ,  p e r   u n i t  volume is  then  f rom  equat ion 

2-17. 

‘pkpkrN1 rp 1 
P hv Ld 1- i n  - ’0) 

N =  
P 

(2-40) 

where  again 

u = t he   ave rage  pump l i g h t   a b s o r p t i o n   c r o s s   s e c t i o n   p e r  laser i o n .  
P 

N1 = t h e   g r o u n d   s t a t e  laser i o n   d e n s i t y   i o n s   p e r   u n i t  volume. 

Using  equation (2-27), and  assuming the   d i ame te r ,  d , of t h e  laser rod 

and  the laser resonator  are t h e  same, t h e   s i n g l e   p a s s   u n s a t u r a t e d   g a i n ,   g o ,  i s  

(2-41) 

where u = t h e   s t i m u l a t e d   e m i s s i o n   c r o s s   s e c t i o n   p e r   i n v e r t e d  laser ion .  

T = t h e   t o t a l   i n v e r s i o n   l i f e t i m e .  T 
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Le: d e f i n e  , 

i 

Then , 

(2-42) 

(2-43) 

To complete  our  model  of  the  side pumped Nd:YAG laser w e  need t o   r e p e a t  

equations  (2-28)  and  (2-29). 

20TT 
B= " 

Ahv 

where A = ~ / 4  d 2   t h e  laser r o d   c r o s s   s e c t i o n a l  area, 

hvL = t h e  laser photon  energy, 

and 

T go 
Pout = ( 7 - 1) 

(2-28) 

(2-29) 

where  again,  

T = T + T , the sum of t h e  two laser mi r ro r   ou tpu t   t r ansmiss ions  
1 2  

ct = - + 0, t h e   t o t a l   s i n g l e   p a s s  l o s s  T a  
2 

ct = f h e   s i n g l e   p a s s   d i s s i p a t i v e  loss. 
0 
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S u b s t i t u t i n g  (2-43) i n t o  (2-29) and  rear ranging ,  we g e t  

L J 

Define , 

and 

Then , 

Pth = P + -  a 
O K  

(2-45)  

(2-46)  

(2-44)  

(2-47)  

This  is t h e   f a m i l i a r   l i n e a r i z e d  laser input -output   equa t ion   wi th   s lope  

e f f i c i e n c y  , and t h r e s h o l d  , Pth. We have ,   therefore ,   deve loped  a t h e o r e t i c a l  

model f o r   t h e   p a r a m e t e r s   t h a t   a f f e c t   t h e   e x p e r i m e n t a l l y   o b s e r v a b l e  laser per- 

f ormance. 

'd' 

2.4.2 End  Pumped Laser  

Fol lowing  the same procedure as f o r   t h e   s i d e  pumped case w e  deve lop   the  

fo l lowing   equa t ions  for t h e  end pumped case: 
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- 4k kr LM 
I =  -L 

2 L  - (1-e "> (Pin - Po> 
ahv d LM 

P 

N = O N  I 
- 

P P l  P 

g0 = K (Pin-Po) 

K =  2apkpkr'NlarT LM [-e< ) 
nhV d 2 

P 

The fo l lowing   equat ions  are  t h e  same f o r   b o t h   c a s e s  

2a-c T 

L 
B = A h t ,  

Pth = P + - a 
O K  

(2-48) 

(2-49) 

(2-43) 

(2-50) 

(2-28) 

(2-29) 

(2-46) 

(2-47) 

T h e s e   e q u a t i o n s   f o r   t h e  end pumped case have   been   inc luded   for  com- 

p l e t eness .   In   t he   r ema inde r  of t h i s   r e p o r t ,  w e  w i l l  cons ider   on ly  the s i d e  pumped 

c a s e   u n l e s s  a s p e c i f i c   s t a t e m e n t  of a d i f f e r e n t   c o n s i d e r a t i o n  i s  made. 

is 



". -. Disqu?-s&on-of .. . the Theore t i ca l  Model 

- 2.5.1 Material Constants   and  Their   Experimental   Determinat ion - 

Material parameters   can be  lumped i n t o  a s i n g l e   c o n s t a n t   f o r  a g iven  

material i n  a g iven   exper imenta l   conf igura t ion .  We can   de te rmine   the   va lue   o f  

t h i s  lumped material cons tan t   exper imenta l ly .  We w i l l  restrict o u r s e l v e s   t o  con- 

s i d e r a t i o n  o f   t h e   s i d e  pumped case .  

Rearranging  equat ion (2-42) 

u k krqN UT 

2h'v '=(?)( 2 p )  (tj k k  d K =  p p  
NIU rl 

P P r  
(2-51) 

A l l  paramete r s   on   t he   r i gh t  are dependent upon t h e  laser material o r   t h e  pump 

lamp w i t h   t h e   e x c e p t i o n  of k ,the pump c a v i t y   e f f i c i e n c y .  We can   assume  tha t   in  

a l l  cases  w e  w i l l  maximize k such   tha t  i t  w i l l  a lways   have   very   c lose   to   the  same 

va lue .  We, t h e r e f o r e ,   c o n c l u d e   t h a t   f o r  a p a r t i c u l a r   l a s e r  material and pump 

lamp i n  a good pump c a v i t y   t h e   q u a n t i t y  dK is a cons t an t .  

P 

P 

dK = cons tan t  

Rear ranging   equat ion  (2-28) 

(2-52) 

(2-53) 

A l l  paramete r s   on   t he   r i gh t  are dependent   only  upon  the laser material. We can  
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assume  they are c o n s t a n t   € o r  a g iven  laser material. 

(2-54)  

This   quan t i ty  is t h e   t o t a l   l a s e r  power d e n s i t y  a t  which  the laser g a i n  is reduced 

by  a f a c t o r  of 2 .  

Equation (2-52)  r e p r e s e n t s   g a i n   c h a r a c t e r i s t i c s  of a g iven  laser 

material-pump lamp combination.  Equation (2-54)  r e p r e s e n t s   t h e   s a t u r a t i o n   c h a r -  

a c t e r i s t i c s  of a given laser material. These two c h a r a c t e r i s t i c s  w i l l  have 

important   bear ing on design  of a s p a c e   q u a l i f i e d  Nd:YAG l a s e r .  

L e t  us  now cons ider  how we de te rmine   t hese   cons t an t s .   Cons ide r   t ha t  

we have a l a s e r  and t h a t  we have a se t  of m i r r o r s   w i t h   s e v e r a l   d i f f e r e n t   t r a n s -  

miss ions ,  T ,  b u t   w i t h   c o n s t a n t   t o t a l   s i n g l e   p a s s   d i s s i p a t i v e  l o s s ,  a . L e t  us 

p l o t  laser output  power ve r sus   i npu t  power f o r  e a c h   t o t a l   m i r r o r   t r a n s m i s s i o n  

combination. From t h e s e   p l o t s  w e  de t e rmine   t he   t h re sho ld ,  Pth, and   the   s lope  

e f f i c i ency ,   fo r   each   mi r ro r   t r ansmiss ion ,  T .  

0 

‘d * 

Consider   equat ions (2 -46)  and (2 -30)  

Pth = P + - a 
O K  (2 -46)  

a = - + a  T 
2 0  (2-30)  
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We have   severa l   exper imenta l   va lues   o f  P as a func t ion   o f  T .  
t h  

graph  of P ve r sus  T ,  t h e   o r d i n a t e   i n t e r c e p t  is  (P + e) and t h e   s l o p e  is ( I / & ) .  
a 

t h  0 

(2-55) 

I f  w e  draw a 

Consider   equat ions (2 -45 )  and (2-30) 

Combining, 

Again, w e  have 

of U q d  ve r sus  

two i n t e r c e p t s  

minat ion of K, 

qd = - KT 
CrB 

(2 -45)  

(2-56) 

seve ra l   expe r imen ta l   va lues  of qd ve r sus  T .  I f  w e  draw a graph 

1 / T ,  t h e   o r d i n a t e   i n t e r c e p t  is  3 and t h e   s l o p e  is 5. The 
2K K 

and t h e  two s lopes   f rom  equat ions  (2 -55)  and (2-56) a l low  de t e r -  

a B and Po. From these  and t h e  known laser rod  diameter ,  w e  
0’ 

can  determine dK and 2 /8A.  

We should  emphasize  that  a number of d i f f e r e n t   m i r r o r   t r a n s m i s s i o n s  

mus t   be   u sed   fo r   t h i s   expe r imen t   and   t ha t   t he   p lo t s  of P ve r sus  T ,  and l / n d  

ve r sus  1 / T  m u s t   f o r m   s t r a i g h t   l i n e s .   I f  CY i s  d i f f e r e n t   f o r   t h e   v a r i o u s   m i r r o r s  

o r   i f  CY is a f u n c t i o n  of c i r c u l a t i n g  laser power, t h e   d a t a  w i l l  no t   fo rm  s t r a igh t  

l i n e s  and t h i s  method canno t   be   u sed .   In t r acav i ty   non l inea r   c rys t a l s  w i l l  

t h  

0 

0 

31 



sometimes  produce  such  effects  even when t h e   n o n l i n e a r   p r o c e s s  is  not  phase- 

matched . 

2 . 5 . 2  Optimum Output  Coupling 

Consider   that  w e  have a laser wi th  a pump lamp having a c e r t a i n   o p e r -  

a t i n g   p o i n t   t h a t   p r o d u c e s   a n   u n s a t u r a t e d   s i n g l e   p a s s  laser ga in ,  We will 

now de termine   the  laser mi r ro r   t r ansmiss ion ,  T ,  t ha t   p roduces   t he  optimum  amount 

of laser output  power.   Consider  equations (2-29) and (2-30). 

go - 

a = c I  + -  T 
0 2  

Combining, 

D i f f e r e n t i a t i n g  twice w i t h   r e s p e c t   t o  T ,  

(2-29) 

(2-30) 

2 
Pout - go 
" 

dT2 
- 

28 (ao+T/  2) 2 
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S e t t i n g  the f i r s t   d e r i v a t i v e   e q u a l   t o   z e r o   t o   f i n d  extremum  and s o l v i n g   f o r  

the   second  der iva t ive  of t h i s  extremum. 

T = 2(&% - a  0 ) 

2 
Pout  < o  

The  extremum i s ,  t h e r e f o r e ,  a maximum and  the optimum laser ou tpu t   t r ansmiss ion ,  

T i s  
OP’ 

T = 2 - ao)  
OP 

(2-57) 
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SECTION 3 

LAMP PUMPED Nd:YAG LASERS 

I n   t h i s   s e c t i o n  w e  w i l l  cons ide r  lamp  pumping  of t h e   s p a c e   q u a l i f i e d  

Nd:YAG laser. We w i l l  assume s i d e  pumping i n   a n   e f f i c i e n t   o p t i c a l  pump c a v i t y  

as i s  shown i n   F i g .  2-3. We w i l l  f i r s t   c o n s i d e r   t h e   v a r i o u s   p o s s i b l e  pump lamps 

and lamp d e s i g n   c h a r a c t e r i s i t c s  of i n t e r e s t   f o r   s p a c e   q u a l i f i e d  lasers. The 

b e s t .   p o s s i b l e  lamp w i l l  then   be   cons idered   wi th   the   theore t ica l   model   deve loped  

i n   S e c t i o n  2. Curves  that  show the   e f f ec t   o f   va r ious   pa rame te r s   on  laser ga in ,  

threshold  and  output  power w i l l  be  developed.  These  curves w i l l  be   used   in  

des ign ing   t he   space   qua l i f i ed  lamp pumped Nd:YAG laser  i n  a la ter  s e c t i o n   o f  

t h i s   r e p o r t .  

3 .1  Lamps A v a i l a b l e   f o r  Pumping 

3 .l. 1 In t roduc t ion  

Nd:YAG is a f o u r   l e v e l  laser material with  which i t  is r e l a t i v e l y   e a s y  

t o   o b t a i n   a n   i n v e r s i o n .  A s  a r e s u l t ,  Nd:YAG lasers have  been  operated  continu- 

ous ly   wi th  many d i f f e ren t   t ypes   o f   l amps .   In   t h i s   s ec t ion  w e  w i l l  cons ider  a 

few  of  these. The lamps w e  w i l l  cons ide r   i nc lude   t hose   o f   mos t   i n t e re s t   fo r  

s p a c e   q u a l i f i e d  Nd:YAG, p lus  enough o t h e r s   t o  show t h e   i m p o r t a n t   c h a r a c t e r i s t i c s  

of pump lamps i n   g e n e r a l .  We w i l l  cons ider   the   tungs ten   f i l ament  lamp: e spec ia l -  

l y   t he   ha logen   cyc le   t ype   and   s eve ra l   j acke ted  arc lamps.  These  include  the 

krypton arcs 11y12, t h e  doped  mercury arcs7, rubidium  iodide-mercury  and  potas- 

sium mercury,   and  the  pure  potassium  arc .   Incoherent   semiconductor   diode pump 

lamps f o r  Nd:YAG w i l l  be c o n s i d e r e d   i n   S e c t i o n  4 .  
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3.1.2 Tungsten-Halogen Pump Lamps 

Tungsten-halogen  lamps  employ  the  halogen  cycle  to  keep  tungsten 

from  leaving  the  hot  filament  and  depositing on the  cold  inside  wall  of  the 

lamp  jacket.  The  healogen  cycle  chemically  converts  the  tungsten  atoms  boiled 

off  the  filament  into  tungsten-halide  molecules in the  low  temperature  region 

near the  lamp  walls.  These  molecules  diffuse  back  to  the  tungsten  filament 

where  the  high  temperature  disassociates  them,  thereby  depositing  tungsten 

back on the  filament  and  freeing  the  halogen  gas  to  repeat  the  cycle. 

The  halogen  cycle  allows  operation  of  tungsten  filament  lamps  at 

much  higher  temperatures  than  is  possible  in  vacuum  jackets.  Typically,  tungsten- 

iodine  lamps  operate  at  3200°K  to  3400°K  with  lifetimes  of 100 hours  compared  to 

2800°K temperatures  for  similar  lifetime,  vacuum  jacketed  lamps. The 3400°K 

temperature  blackbody  radiation  from  tungsten has  an  emission  maximum  near  the 

8000A  Nd:YAG  pump  bands.  Unfortunately,  the  blackbody  radiation is very  broad 

band and the  pump  bands  are  quite  narrow.  Only  moderate  laser  efficiency  can, 

therefore, be expected  from  tungsten. 

0 

Tungsten-iodine  lamps are  low in cost.  They  are  used in television, 

motion  picture, and theater  lighting  and  have  been  mass  produced for  some time. 

Electrically  they are a  simple  resistive  load  and  require an uncomplicated  power 

supply. The first  continuous  Nd:YAG  laser  used  tungsten lamps'  and  many  com- 

mercial  lasers  employ  them. 

Figure 2-2 shows  the  radiometer  set  up for determining  output  radiation 

versus  input  power  characteristic  of  the  Q1000T3/4CL  tungsten-iodine  lamp.  Only 

0.73  to 1.0 micron  Nd:YAG  pump  spectra  region is measured. The experimental 

results are also  shown in  the figure.  It  should be noted  that  the  intersect, 

Po ,which was defined in  Section 2.3 is j.80 watts.  Similar  experiments on a 
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number of   these  lamps  have shown Po t o  vary  between 180 and  230 watts. 

An experimental   arrangement   for   determining  the pump l i g h t   a b s o r p -  

t i o n   c h a r a c t e r i s t i c s   o f  Nd:YAG f o r  a lamp is  shown i n   F i g .  3-1. Light  from 

t h e  lamp is passed  through a Jarrell-Ash - - m Eber t  monochromator  and d e t e c t e d .  

Two d i f f e r e n t   l e n g t h s   o f  Nd:YAG are p u t   i n   f r o n t   o f   t h e   d e t e c t o r   t o   f i l t e r   o u t  

t h e  pump r a d i a t i o n .  One Nd:YAG f i l t e r  is 3 mm long   and   t he   o the r  is 1 0  c m  long. 

The de tec ted   spec t rum is run f i r s t   w i t h  no Nd:YAG f i l t e r   i n   o r d e r   t o   d e t e r m i n e  

t h e   t r a n s f e r   c h a r a c t e r i s t i c s   o f   t h e   s y s t e m .  The spectrum i s  then   r epea ted   w i th  

each  of   the Nd:YAG f i l t e r s .  

1 
2 

The Nd:YAG a b s o r p t i o n   c h a r a c t e r i s t i c s   f o r   t h e   t u n g s t e n - i o d i n e  lamp 

is  shown i n  Fig; 3-2.  The 3 mm Nd:YAG f i l t e r  which is t y p i c a l   o f  laser rod 

diameters  i s  o p t i c a l l y   v e r y   t h i n .  The pump bands   have   na r row  f ine   s t ruc tu re  

and l i t t l e  r a d i a t i o n  is  abso rbed   i n  a s ing le   pas s   t h rough  3 mm of Nd:YAG. The 

10 c m  long Nd:YAG f i l te r   p roduces   wide   deep   absorp t ion   bands .  

The combination  of  the 3 mm and  10 cm Nd:YAG f i l t e r   d a t a   c l e a r l y  shows 

what pump l i g h t   s p e c t r a  is e f f e c t i v e   i n  pumping Nd:YAG. We w i l l  f i n d   t h i s   t e c h -  

nique is v e r y   v a l u a b l e   f o r   e v a l u a t i n g   l i n e   e m i t t i n g  pump lamps. 

It s h o u l d   b e   n o t e d   t h a t   t h e   d e t e c t e d   s p e c t r a l   a m p l i t u d e s   i n   F i g .  3-2a, 

b ,  and c can   no t   be   d i r ec t ly  compared.  The g a i n   o f   t h e   e l e c t r o n i c s  w a s  in-  

dependent ly   ad jus ted   for   each   spec t rum  in   o rder   to   ob ta in  a good curve  and  the 

d a t a  was no t   r e t a ined   t o   a l l ow  in t e rcompar i son  of the   curves .  

Tungsten-iodine  lamp pumped 3 mm diameter  Nd:YAG laser experiments,  

w i t h   s e v e r a l   o u t p u t   t r a n s m i s s i o n   m i r r o r s ,  as desc r ibed   i n   Sec t ion   2 .5 .1 ,   have  
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Figure 3-1 Experimental Arrangement €or Determining the  Nd:YAG Pump 
Band Absorption f o r  Various Pump Lamps. 





been  run many times a t  Sylvania .  The d a t a   h a s   b e e n   v a r i a b l e ,   b u t   i n   g e n e r a l  

h a s   g o t t e n   b e t t e r   t h r o u g h   t h e   y e a r s  as b e t t e r  Nd:YAG l a s e r   r o d s   a n d   b e t t e r  

pump cavi t ies   have   been  made. We have   ca re fu l ly   cons ide red   t h i s   da t a   and   have  

concluded   tha t   €or   h igh   qua l i ty  Nd:YAG r o d s   i n  good pump c a v i t i e s   t h e   c o n s t a n t  

dK €or  tungsten-iodine  lamps is 

(dK)WI = 0.028 - c m  
kW 

We shou ld   men t ion   t ha t   t h i s   da t a  was a l l  t aken   w i th  3 mm diameter  rods 

wi th  2 mm diameter lamp f i laments .   Data   for   o ther   d iameter   rods  was n o t   a v a i l -  

a b l e .  We have  assumed t h a t  dK is c o n s t a n t   a s   o u r   t h e o r y   p r e d i c t s  and  have  used 

one set  of dK d a t a   t o   d e t e r m i n e   t h e   c o n s t a n t .  We w i l l  show i n   t h e   n e x t   s e c t i o n  

t h a t  dK is indeed   cons tan t   for  two d i f f e r e n t  K r  a r c  pumped rod  diameters.  

The d a t a   f o r  P f rom  these  experiments   with 6 .3  c m  long  lamps  has  been 
0 

c o n s i s t e n t   w i t h   t h e   r a d i o m e t r i c   d a t a   d e s c r i b e d   i n   S e c t i o n  2 . 3 .  

(Po)  = 180 w a t t s  
WI 

6.3 cm 

These  tungsten-iodine pumped experiments   together   with a l l  o t h e r  pump 

lamp exper iments   have   a l so   de te rmined   the   cons tan ts  - and CL t h a t   a r e   d e p e n d e n t  

o n l y   o n   t h e   l a s e r   m a t e r i a l .  We c o n c l u d e   t h a t   f o r  good q u a l i t y   1 . 0 %  Nd:YAG rods  

and  good q u a l i t y   l a s e r   m i r r o r s   e x t e r n a l   t o   t h e   l a s e r   r o d   i n   m u l t i m o d e   o p e r a t i o n ,  

L 
BA 0 

and 

” 2 1500 w a t t s / c m  
BA 

- 

a = 0.006 
0 

(3-4 1 

I f   t h e   m i r r o r s  were on  the  rod  ends CL would be  lower.   For 

TEMoo mode o p e r a t i o n  CL would be   g rea te r   because  of h i g h e r   d i f f r a c t i o n   l o s s e s .  

0 

0 
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The tungsten-iodine lamp has  two c h a r a c t e r i s t i c s   t h a t   s e r i o u s l y  

l i m i t  i t  f o r   s p a c e   q u a l i f i e d  laser a p p l i c a t i o n .   F i r s t ,   t h e   l o n g   d e l i c a t e ,  

co i l ed   t ungs t en   f i l amen t  i s  p a r t i c u l a r l y   v u l n e r a b l e   t o   v i b r a t i o n  test  f a i l u r e .  

A t h i r t y   a i n u t e   v i b r a t i o n   t e s t - d w e l l  a t  any  frequency  near a f i lament   reson-  

ance is su re   t o   des t roy   t he   f i l amen t .   Second ,  the l i f e t i m e  o f  tungs ten- iodine  

lamps is t y p i c a l l y  less than 100 hours .  A few thousand  hours   can  be  obtained 

by lower  temperature   operat ion  which of course   lowers   the  laser  e f f i c i e n c y .  

3.1.3  Krypton Arc Pump Lamps 

The arc s p e c t r a   o f  a number o f  t h e   i n e r t   g a s s e s  are r i c h   i n   l i n e  

s p e c t r a   i n   t h e   n e a r   i n f r a r e d .  Xenon is  most commonly used i n  arc lamps. The 

i n f r a r e d   l i n e   s p e c t r a   o f  xenon misses a l l  t h e  Nd pump bands  however. Read" was 

the  first t o  n o t e   t h e   s u p e r i o r i t y   o f  K r  arcs €or  pumping Nd:YAG. Subsequent 

invest igat ion ' '   has   confirmed  this .   Krypton  arc  pumped Nd:YAG lasers are cur- 

r e n t l y   t h e   h i g h e s t  power and   the   mos t   e f f ic ien t3   cont inuous  lasers i n   t h e   n e a r  

i n f r a r e d  and v i s i b l e   s p e c t r a l   r e g i o n s .  

The narrow  band 0.7 t o  1 .0  mic ron   r ad iomet r i c   da t a   fo r  a 6 mm i . d . ,  

10 cm long  cont inuous K r  a r c  is shown i n   F i g .  3-3, compared w i t h   t h e   t u n g s t e n  

lamp da ta .  The i n t e r s e c t ,  Po, f o r   t h i s  water cooled lamp is 410 watts. 

The Nd:YAG a b s o r p t i o n   c h a r a c t e r i s t i c s   f o r   t h e  K r  arc lamp is shown 

i n   F i g .  3-4. The two s t r o n g e s t  K r  l i n e s  a t  7600A and 8110A are b o t h   s t r o n g l y  

absorbed by t h e  Nd:YAG. The o t h e r  K r  a r c   l i n e s  are no t  much absorbed. From 

t h e s e   r e s u l t s  w e  would  expect  the K r  arc lamp t o   b e   a n   e f f e c t i v e  pump lamp f o r  

Nd:YAG. 
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Figure 3-4 Nd:YAG Absorption of Krypton Arc Radiation 
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Krypton arc lamp pumped Nd:YAG laser experiments  have been  run  with 

both  0.25  inch  and  0.15  inch  diameter laser rods.  These  experiments  have  been 

conducted  with  both 6 mm i .d . ,   and  4 m i . d .  K r  arcs. The r e su l t s   have   a lways  

b e e n   b e t t e r   w i t h  6 mm lamps  with  both  diameter laser rods.  The r e a s o n s   f o r   t h i s  

are n o t   c l e a r l y  known. One p o s s i b i l i t y  i s  t h a t   t h e  main  luminous  region  of  the 

K r  arc is sma l l e r   t han  the i n s i d e  lamp bore  as i n   t h e  Hg arc" a n d   t h a t   t h e  

arc f o r  the l a r g e r   b o r e  more closely  matches  even  the smaller laser rod.  Another 

p o s s i b i l i t y  is  t h a t   t h e  K r  arc does f i l l   t h e   b o r e   ( a s  it v i s i b l y   a p p e a r s   t o )   a n d  

t h a t  wall l o s s e s   a r e  less f o r   t h e   l a r g e r   b o r e  lamps. I n  any case t h e   b e s t  ex- 

p e r i m e n t a l   r e s u l t s   o c c u r   w i t h   t h e  6 mm bo re  K r  arc   lamps.  

Comparing the   da t a   ob ta ined  by us ing   va r ious   mi r ro r   t r ansmiss ions  

w e  f i n d   t h a t  dK fo r   t he   0 .25   i n .   d i ame te r   and   t he   0 .15   i n .   d i ame te r   l a se r   rods  

(pumped wi th   t he  6 mm bore  lamps)  only vary by 8 percent .   This  i s  a remarkably 

small v a r i a t i o n .  It conf i rms   ou r   t heo re t i ca l   con ten t ion   t ha t  dK is a cons t an t  

f o r   s i d e  pumped laser rods .  The exper imenta l   da ta  shows t h a t  dK f o r   k r y p t o n  

a r c  lamps i s  

(dK)Kr = 0.066 E cm 
(3-5) 

The d a t a   f o r  Po from  these  experiments  on  10 c m  lamps  has  been con- 

s i s t e n t   w i t h   t h e   r a d i o m e t r i c   d a t a  

(Po)Kr = 410 Watts 

10  cm 
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The l i f e t i m e   o f  K r  arc lamps has been much shorter   than  one  would 

expec t .   Typica l   opera t ing  l i f e  is less than   100   hours .   Fa i lures  are t y p i c a l l y  

a b reak ing   o f   t he   fu sed   qua r t z  lamp jacket o r   e x c e s s i v e   s p u t t e r i n g   o f   t h e  lamp 

e l e c t r o d e s .   T h i s   s h o r t  l i f e  is i n c o n s i s t e n t   w i t h   t h e   g o a l s   f o r  a s p a c e   q u a l i f i e d  

Nd:YAG laser. Also,  t he   h igh  Po of water cooled  krypton arc lamps  produces 

h ighe r  laser th re sho lds   t han  is d e s i r e d   f o r   t h e   s p a c e   q u a l i f i e d  laser. 

3.1.4  Potassium-Mercury Arc and  Potassium Arc Pump Lamps 

The mercury a r c  lamps are t h e  most  developed lamp being  manufactured. 

E lenbaas"   has   desc r ibed   t he   p rope r t i e s   o f   t hese   l amps   i n   de t a i l   i n   h i s   book .  

Lifetimes  of  these  lamps are exceedingly   long .   Typica l   ha l f - l ives   on   Sylvania  

L igh t ing   D iv i s ion   da t a   shee t s  is 20,000 hours .  

Mercury arcs can  be  doped  with  var ious  e lements   to   modify  the  spectral  

ou tput   o f   the   l amps   whi le   main ta in ing   the   good  mercury   a rc   charac te r i s t ics .  

Doped Hg a r c  lamps are now used   i n   a lmos t  a l l  h i g h   i n t e n s i t y   l i g h t i n g   s u c h  as 

street  l i g h t s ,   s p o r t s   a r e n a s ,   e t c .   T h e s e   l a m p s   f a l l   i n t o  two c a t e g o r i e s  - metal 

doped Hg arcs  and  metal-iodide  doped Hg arcs. The metal-iodide  type  lamps are 

very  similar to   conven t iona l  Hg arc lamps.  Fused  quartz lamp j a c k e t s  are used 

and  the  lamps  operate  a t  tempera tures   and   pressures   typ ica l   o f   the   low  pressure  

Hg a r c s .  We w i l l  d i s c u s s   a p p l i c a t i o n   o f   t h e s e   t y p e   l a m p s   t o  Nd:YAG pumping i n  

t h e   n e x t   s e c t i o n .  

13,14 

The metal doped Hg arc lamps  must  be  operated a t  temperatures  above 

the b o i l i n g   p o i n t   o f   t h e  metal dopant.   The  pressure of these  lamps is a l s o  

ve ry   h igh   and   t he   ho t  metal is u s u a l l y   v e r y   c o r r o s i v e   o n   t h e  lamp j a c k e t .  The 

Na-Hg lamp is t y p i c a l  of a metal doped Hg arc lamp.  These  lamps  must  use 
1 3  
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sapph i re   j acke t s   ( t yp ica l ly   po lyc rys t a l l i ne )   because   o f   t he   h igh   t empera tu re  

and  corrosiveness  of N a  gas .  The  lamps t y p i c a l l y   h a v e  metal end  caps of 

niobium which matches the thermal expansion of sapphire.  The  niobium  end  caps 

must be   p ro t ec t ed   t o   p reven t   ox ida t ion  a t  t h e   h i g h  lamp opera t ing   tempera ture .  

The lamps are t y p i c a l l y   o p e r a t e d   w i t h  a vacuum j a c k e t .  The ou tpu t   spec t r a   o f  

t h e  Na doped Hg lamps are t y p i c a l  of Na and  the Hg emiss ion  i s  almost  completely 

suppressed.  The high  operat ing  pressure  considerably  broadens  the  sodium emis- 

s i o n   l i n e s .  Na a l so   s t rong ly   r e -abso rbs  i t s  own rad ia t ion .   Th i s   p roduces  a 

" r e v e r s a l "   i n   t h e   e m i t t e d   r a d i a t i o n .  The wings of t h e   b r o a d   s p e c t r a l   l i n e  are 

e m i t t e d   b u t   t h e   c e n t e r  is almost   completely  self   absorbed.  

The  potassium D l i n e s  are s i tua ted   a lmost   exac t ly   be tween  the  two 

1ITd:YAG  pump bands.  A s  a l i n e  emitter K would  be  very  poor as a Nd:YAG  pump 

lamp. I n   t h e   h i g h   p r e s s u r e  metal doped arc, however,   the  broadened  self  re- 

versed  K l i n e s   h a v e  two wings   tha t   cover   the  two Nd:YAG  pump bands.  Liberman, 

Larson  and  Church7 f i r s t   r e c o g n i z e d   t h i s  fact .  Because  of   the  chemical   s imilar i ty  

of K and Nay Na lamp technology  could  be  appl ied  to   making K lamps  and Nd:YAG 

lasers were success fu l ly   ope ra t ed   w i th   t he   po ta s s ium lamp. 

The luminous a r c   i n  a Hg o r  doped Hg arc lamp is  much smaller than 

t h e  lamp jackets i n s i d e   t h e   b o r e .   T y p i c a l l y ,   t h e  arc diameter  is  only  113 of 

t h e   b o r e  diameter!5 P o l y c r y s t a l l i n e   s a p p h i r e   j a c k e t s  scatter t h e   r a d i a t i o n  

pass ing   th rough  and   thereby   grea t ly   reduce  the b r i g h t n e s s   o f   t h e  lamp. A 

t r a n s p a r e n t   s i n g l e   c r y s t a l   s a p p h i r e   j a c k e t   m u s t ,   t h e r e f o r e ,   b e   u s e d   t o   a c h i e v e  

low th re sho ld  laser pumping . 7 

The Sylvania  Lamp Divis ion   has   g iven   us  some p o l y c r y s t a l l i n e   s a p p h i r e  

j acke ted  K-Hg lamps.  The  narrow  band 0.7 t o  1 .0  mic ron   da t a   fo r  a 8 mm i . d . ,  
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6.5 cm long,  vacuum jacke ted ,   con t inuous  K-Hg arc opera ted  a t  60 Hz is  shown i n  

Fig.  3-5. Also shown i n   t h e   F i g u r e  i s  t h e   d a t a   f o r  a RbI-Hg lamp t h a t  w i l l  be  

d iscussed  later.  The i n t e r s e c t ,  Po, f o r   t h i s  vacuum j a c k e t e d ,   r a d i a t i o n   c o o l e d ,  

6 .5  cm long K-Hg lamp is 47 watts. 

= 47 watts 
K-Hg 
6.5 cm 

(3 -7 )  

The Nd:YAG a b s o r p t i o n   c h a r a c t e r i s t i c s   f o r   t h i s  K-Hg lamp are shown 

i n   F i g .  3-6.  The  two broad  wings  of  the  potassium D l i n e s   o v e r l a p   t h e  Nd:YAG 

l i n s  as d e s i r e d .  The  lamp b r o a d e n i n g   i n   F i g .  3-6 is s l i g h t l y   g r e a t e r   t h a n   o p t i -  

mum. The lamp s p e c t r a  as a f u n c t i o n  of i n p u t  power i s  shown i n   F i g .  3-7. From 

t h i s  w e  can estimate t h a t   t h e  optimum o p e r a t i n g   p o i n t   f o r   t h i s   6 . 5  c m  long lamp 

would  have  been  about 450 watts.  

Laser experiments were a t t e m p t e d   w i t h   t h i s   p o l y c r y s t a l l i n e   j a c k e d  

K-Hg lamp b u t   t h e   s c a t t e r i n g   i n   t h e  lamp j acke t   p reven ted   a t t a inmen t   o f   t h re sh -  

o ld .  We were, t h e r e f o r e ,   u n a b l e   t o   o b t a i n  laser d a t a .  

Liberman e t  a1 g ives   compara t ive   da t a   fo r   t ungs t en   and  K-Hg 
7 

pumped lasers wi th  a good q u a l i t y  pump cavi ty .   Because of t he   exce l l ence  of 

t h e i r   r e s u l t s ,  we  can  assume  that   they  used a good q u a l i t y  Nd:YAG rod .  We, 

t h e r e f o r e ,  know 2/BA 2 1500 wattslcm , cto 2 .006  and w e  know Po % 47 watts .  

We a l s o  know I? and JL for  the  tungsten  lamp.  Using  our  model of t h e  Nd:YAG 

2 

0 

laser  and  the known parameters  w e  can f i t  our  model t o   t h e i r   d a t a  by a d j u s t i n g  

dK f o r   t h e  K-Hg lamp.  The r e s u l t i n g   v a l u e  of t h e   & f o r  K-Hg was 

dK = 0.08 - c m  
KW K-Hg 
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Figure 3-7. Potassium-Mercury Emission  Spectrum  for 
Varying  Input  Power. 
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The  potassium-mercury  lamp  has  the  largest   value of dK and  the  smallest 

va lue   o f  P of any  lamp w e  have   cons idered .   F ig .  3-8 shows the   expec ted   s ing le -  

pas s   unsa tu ra t ed   ga in ,   go ,  as a f u n c t i o n  of i n p u t  power f o r  a 3 mm d iameter ,  

75 mm long Nd:YAG laser rod  pumped by  tungsten,  krypton  or  potassium-mercury. 

The s u p e r i o r i t y  of t h e  K-Hg lamp is c lear ly   demonst ra ted .  

0 

One cu r ious   a spec t  of t h e   c u r v e s   i n   F i g .  3-8 i s  t h e   g r e a t   v a r i a t i o n   i n  

P fo r   t he   va r ious   l amps .   E lenba i s lO   has  shown t h a t  P f o r  a Kg arc lamp is  re- 

presented   by   the   hea t  l o s s  from  the  lamp. H e  states t h a t   t h i s   h e a t  l o s s  is f i x e d  

p e r  u n i t   l e n g t h  and is unaffected  by lamp diameter .  He on ly   cons ide r s   t he  a i r  

convect ion  cooled lamp i n  which s ide   losses   p redominate ,   however .   I f  w e  assume 

t h a t  Po r e p r e s e n t s   h e a t  l o s s  i n   a l l   t h e  lamps shown i n   F i g .  3-8 w e  n o t e  tha t  

t h i s  is c o n s i s t e n t .  The water cooled K r  a r c   h a s   l a r g e r   h e a t  l o s s  t h a n   t h e  a i r  

cooled W lamp  which  has  larger  heat l o s s  than   t he   r ad ia t ion   coo led  K-Hg lamp. 

We can   then   hypothes ize   tha t  P is c o n t r o l l a b l e   i n   a n y  lamp by changing  the 

0 0 

0 

h e a t  l o s s ,  i . e . , the   cool ing .   L iberman et a1  not   only  developed a good s p e c t r a l  

match  lamp i n  K-Hg, b u t   i n a d v e r t e n t l y  by vacuum j a c k e t i n g   t h e  lamp t o   p r o t e c t   t h e  

niobium  end  caps,  they  minimized P b y   i n s u l a t i n g   t h e  lamp w i t h   t h e  vacuum j a c k e t .  

I 

0 

One problem  wi th   the  K-Hg lamp is  t h a t   a n  A.C power supply  must  be 

u t i l i z e d   t o   p r e v e n t   c a t a p h o r e s i s   f r o m   s e p a r a t i n g   t h e  K and t h e  Hg i n   t h e  lamp. 

A 60 Hz power supply was used in   our   exper iments .   L iberman e t  a l l 6  found t h a t  

60 Hz produced  r ipple  on  the  output  and w a s  less e f f i c i e n t   t h a n   h i g h e r  fre- 

quenc ie s .   They   go t   t he i r   bes t   r e su l t s   w i th  10 KHz power supply  f requency.  A 

high  f requency A.C. power supply is  a de f in i t e   i nconven ience   and   compl i ca t ion   fo r  

a s p a c e   q u a l i f i e d  Nd:YAG laser. 
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Pump Lamps. 



Nobel   has   recent ly   developed  potassium arc lamps   conta in ing   no  
I! 

mercury.  This  work is  being  conducted  under   an Army c o n t r a c t   w i t h   F t .  Monmouth, 

and is  a cont inua t ion   of   the   work   s ta r ted   by   Liberman e t  a l l6 .  The  potas- 

s ium  a rcs  are e s s e n t i a l l y   i d e n t i c a l   t o  the K-Hg wi thout   the   compl ica t ion  of 

t h e  two components.  The  luminous arc  i s  about  113 the   i nne r   bo re   d i ame te r .  

The s p e c t r a l   e m i s s i o n  is  i d e n t i c a l   t o   t h e  K-Kg a r c .  The potassium arc can  be 

operated DC w i t h  no ca taphores i s   p roblems.  

Based  upon estimates of 

s ides   and  the  ends  of  a r a d i a t i o n  

t h a t  Po f o r  a 6 mm bore,   2.54 cm 

has   r ecen t ly   t e s t ed   such  a lamp. 

t h e  re la t ive  r a d i a t i o n   h e a t  l o s s  f rom  the 

cooled K o r  K-Kg lamp w e  have  es t imated 

a r c   l e n g t h  lamp  would  be 23 watts.  Nobel 

He has  kindly  a l lowed  us  t o  u s e   h i s   d a t a .  

17 

H e  pumps a sample of Nd:YAG w i t h   r a d i a t i o n   f r o m   t h e  pump lamp  and  measures  the 

1.06 micron   f luorescence  as a f u n c t i o n  of i n p u t   t o   t h e  pump lamp. H i s  d a t a  

€ o r  a 1 / 4  inch  diameter  by 1 . 2  i n c h   a r c   l e n g t h  is shown i n   F i g .  3-9. The 

i n t e r s e c t ,  Po ,  € o r   t h e  lamp is  23 watts. The no rma l   ope ra t ing   po in t   fo r   t he  

lamp is 150 wat ts .  

= 23 W (3-9) 

Potassium 
2.54 cm Arc  Length 

Na-Hg lamps a r e   m a n u f a c t u r e d   c o m e r c i a l l y  by  General   Electr ic   Corp.  

The h a l f   l i f e  of  these  lamps i n   t h e i r   d a t a   s h e e t s  is quoted   to   be  8,000 hours .  

S i n c e   t h e  K-Hg and K lamps  are v e r y  similar t o   t h e  Na-Hg lamps  both  technologi- 

ca l ly   and   chemica l ly ,  w e  can make e s t i m a t e s   o f   h a l f   l i f e   b a s e d  upon t h e  Na-Hg 

lamps.  Commercial  lamps are o p e r a t e d   e s s e n t i a l l y   i n   f r e e   s p a c e .   I n  a laser 

pump c a v i t y   r a d i a t i o n  is reimaged  onto  the  lamp.  This  changes  the  lamp  operating 
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F igu re  3-9. Nd:YAG Fluorescence as a Funct ion 
of Inpu t  Power f o r  a 114 Inch by 
1 Inch Arc Length  Potassium Arc Lamp 
(After  Nobel17).  
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c h a r a c t e r i s t i c s  and  might   be  expected  to   change  the lamp l i f e t i m e .  

To c h e c k   l i f e t i m e s  we took  some commercial  General Electric Na-Hg 

lamps  and b a l l a s t s  and depos i t ed   go ld   r e f l ec to r s   on   t he  vacuum j a c k e t   c o n c e n t r i c  

w i t h   t h e  lamp.  These r e f l ec to r s   s imu la t ed   ope ra t ion   o f   t he  lamp i n  a laser 

c a v i t y .  We had t o  add   i nduc tance   t o   t he   commerc ia l   ba l l a s t s   t o   ob ta in   s t ab le  

lamp ope ra t ion .  The s t a b l e   o p e r a t i n g   p o i n t   o f   t h e   l a m p s   i n   t h e   r e f l e c t o r s  

was a t  lower  than  rated  input  powers.   Fig.3-10 shows a Na-Hg l i f e  test ar- 

rangement. Each  lamp has  an  e lapsed time meter t h a t   r e c o r d s   o p e r a t i n g  time. 

The lamps are c y c l e d   t h r e e  times a day. They o p e r a t e   f o r  8 hours ,  are turned  

off   and  a l lowed  to   cool   for   one-half   hour ,   and  repeat   the   cycle .  A t  t h e  time 

of w r i t i n g   t h i s   r e p o r t   t h e  lamps  have  operated  for  over 4,000 hours   wi th  no 

f a i l u r e s .  The lamp r a t i n g s ,   t h e   o p e r a t i n g  power and the   running   hours  on 

June 1, 1970 are l i s t e d   i n   T a b l e  3-1. 

TABLE 3-1 

Na-Hg L i f e  Test Data i n   R e f l e c t o r s  

Lamp No. 
Power Operat ing Running 
Rat ing Power T i m e  (3-8 hr  . cycles lday)  

400 

275 

275 

400 

300 6044 (1800 h r .  was a t  2OOW) 

240 4 248 

130 4224 

300 4241 

We c a n ,   t h e r e f o r e ,   s a y   q u i t e   c e r t a i n l y   t h a t   p o t a s s i u m  pump lamps f o r  

a s p a c e   q u a l i f i e d  Nd:YAG laser w i l l  l a s t  severa l   thousand  hours .  We suspec t  

t ha t   w i th   ca re fu l   qua l i t y   con t ro l   and   s e l ec t ion   10 ,000   hour   l i f e t imes   can   be  

obtained.  This  can  only  be  proved  of  course  by  development  of  the  lamps  which 

is  one of the th ings  w e  w i l l  recommend a t  t h e  end of t h i s   r e p o r t .  
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Figure 3-10. Life Test on Na-Hg Lamps in  Reflective  Cavities. 



3.1.5  Rubidium  Iodide-Mercury Arc Pump Lamps 

The bo i l ing   po in t   o f   me ta l - iod ides  i s  much lower   than   tha t   o f  metals. 

Metal- iodide  can  be  used  to   dope a metal i n  a mercury arc lamp f o r  much lower 

t empera tu re   and   p re s su re   ope ra t ion   t han   t he   d i r ec t  metal doped  mercury arc. Metal 

iodide  lamps  produce a nar row  l ine   emiss ion   due   to   the   lower   p ressures .  L i t t l e  

pressure   b roadening   and  reversal occurs.   For  metal-iodide  doped Nd:YAG laser pump 

lamps t h e   l i n e   e m i s s i o n  must  be i n   t h e  Nd:YAG  pump bands. Rb-I has  two s t r o n g  

l i n e s   n e a r  8000A and is a p o s s i b l e  Nd:YAG  pump lamp as w a s  recognized  by  Liberman 

et a l l6 .  The metal iodide  lamps are not   cor ros ive   and   can   be  made wi th   fu sed  

q u a r t z   j a c k e t s .  

0 

The Sylvania  Lamp Divis ion  gave us a RbI-Hg lamp w i t h  8 mm bo re   fu sed  

quar tz   j acke t   and   6 .3  cm arc  l e n g t h .  The narrow  band 0 .7  t o   1 . 0   m i c r o n   r a d i a t i o n  

from t h i s  lamp was shown i n   F i g .  3-5. The i n t e r s e c t  P o )  f o r   t h i s   a i r - c o o l e d  lamp 

w a s  225 watts. This  i s  c o n s i s t e n t   w i t h   t h e   h e a t   l o s s   h y p o t h e s i s   s i n c e   a i r - c o o l e d  

tungsten  lamps  have P between 180 watts and  230 watts. 
0 

) 
= 225 W 

Rb I-Hg 
6 - 3  c m  Arc  Length 

(3-10) 

The Nd:YAG a b s o r p t i o n   c h a r a c t e r i s t i c s   f o r   t h i s  RbI-Hg lamp are shown 

i n   F i g .  3-11. It w i l l  be   no ted   t ha t   one   o f   t he  Rb l i n e s  is  s t rong ly   abso rbed  

and a second is somewhat absorbed. The Na D l i n e  shows up as an  impuri ty   and 

i s  s t rongly   absorbed .  The C s  i m p u r i t y   l i n e s  are not   absorbed .  

This  RbI-Hg lamp was compared w i t h  a tungs ten  lamp i n  a r a t h e r   p o o r  

laser. The RbI-Hg l amp   had   l ower   t h re sho ld   and   h ighe r   s lope   e f f i c i ency   t han   t he  
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Figure 3-11. Nd:YAG Absorption of Rubidium  Iodide-Mercury Radiation 
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tungsten.   Reducing  the relative d a t a   a n d   i n t e r p o l a t i n g   t o   t h e   b e s t   t u n g s t e n  

laser d a t a ,  w e  de te rmined   the   cons tan t  dK €or  RbI-Hg was 

&)RbI - Hg = 0.046 - cm 
kW (3-11) 

We the re fo re   conc lude   t ha t  RbI-Hg is n o t  as good as K r  o r  K b u t  is  

b e t t e r   t h a n  W f o r  pumping Nd:YAG. 

During  these  experiments   the lamp was obse rved   t o   bu lge ,   i nd ica t ing  

the   opera t ing   tempera ture  was d a n g e r o u s l y   c l o s e   t o   t h e   m e l t i n g   p o i n t  of   fused  quartz .  

The Sylvania   Light ing  Divis ion  gave  us  a second RbI-Hg lamp wi th  a 

concen t r i c   t abu la t ed   j acke t   a round   t he   s ide   bu t   no t   ove r   t he  lamp ends. We took 

narrow  band 0.7 to   1 .0   micron   rad iometr ic  data i n   t h e  manner of  Fig. 2-2 on t h i s  

lamp. F i r s t  w e  took   da ta   wi th  air  i n   t h e   s i d e   j a c k e t .  We then   evacuated   the  

s i d e   j a c k e t  and  took  data   again.  We then  removed t h e   j a c k e t  and   took   da ta   in  

f r e e  a i r .  We then   pu t  a f u l l  vacuum jacke t   over   bo th   the   s ide   and   ends   o f   the  

lamp and  took  data.   In  each case w e  o n l y   t o o k   r e l a t i v e   d a t a   t o   f i n d  Po. The 

da ta   cou ld   no t   be   i n t e r - compared   t o   de t e rmine   r e l a t ive   r ad ia t ion   i n t ens i ty   fo r  

the   var ious  cases e x c e p t   i n   t h e  two s ide   j acke ted   exper iments   in   which   the  

experimental   arrangement w a s  n o t   d i s t u r b e d   i n   e v a c u a t i n g   t h e   j a c k e t .   F i g .  3-12 

shows t h e  d a t a  from these  experiments   plot ted.  I t  w i l l  be   no ted   tha t  P decreased 

each time the  lamp w a s  f u r t h e r   i n s u l a t e d   a n d   t h a t   i n   t h e   f u l l  vacuum i n s u l a t i n g  

j a c k e t   c a s e  P is  47 watts i d e n t i c a l   t o   t h a t  for t h e  same s i z e  K-Hg lamp i n  

vacuum j a c k e t  . 

0 

0 
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Rubidium  Iodide-Mercury  Lamp  for  Several  Heat  Insulation  Conditions. 
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These  experiments   ver i fy  that Po is no th ing   bu t  the h e a t   l o s s   f r o m  

t h e  lamp. If w e  want   low  heat   loss  we m u s t   i n s u l a t e   t h e  lamp. I n s u l a t i n g   t h e  

lamp of   course   causes   the  lamp t o   o p e r a t e   h o t t e r   a n d  w e  aga in   had   bu lg ing  i n  

t h e   f u s e d   q u a r t z   j a c k e t  when we vacuum j a c k e t e d   t h e  lamp. We conclude   then   tha t  

fu sed   qua r t z  is n o t   a c c e p t a b l e   f o r   u s e   i n  a vacuum j a c k e t e d  lamp. Sapphire  is  

requi red .   S ince   po tass ium  can   be   used   in   sapphi re   and   po tass ium is s u p e r i o r  

t o  K r  o r  RbI w e  conclude   tha t   sapphi re   j acke ted   po tass ium lamps a r e   p r e f e r a b l e  

f o r   s p a c e   q u a l i f i e d  Nd:YAG. 

We d i d   t r y  two vacuum jacke ted   fu sed   qua r t z   k ryp ton  arc lamps. I n  

both cases t h e  lamp  immediately  blew up even a t  less than  100 watts i n p u t  power. 

We s u s p e c t   t h e   r e a s o n   f o r   t h i s  is the  tendency  of   the K r  arc t o   f i l l   t h e  lamp 

bore ,   t he reby ,   hea t ing   t he   wa l l s  more than  RbI-Hg does.  

3.2 C h a r a c t e r i s t i c s  of  an Optimum Lamp Pumped Nd:YAG LaEr  

We have  developed a t h e o r e t i c a l  model f o r   t h e  Nd:YAG laser and w e  have 

determined  that   potassium arc lamps are the b e s t  known pump lamps f o r  a space 

q u a l i f i e d  Nd:YAG laser. We have  determined  the laser  material and  potassium  lamp 

c o n s t a n t s   t h a t  are r e q u i r e d   i n   o u r   t h e o r e t i c a l  model. I n   t h i s   s e c t i o n  we w i l l  

u t i l i z e   t h i s   d a t a   t o   f i n d   t h e  laser o p e r a t i n g   c h a r a c t e r i s t i c s  w e  can  expect  from 

a space q u a l i f i e d  Nd:YAG laser. 

F i r s t ,  le t ’s  g a t h e r   t o g e t h e r   t h e   e q u a t i o n s  w e  w i l l  need   f rom  the   s ide  

pumped t h e o r e t i c a l  model  and t h e  lamp  and material cons t an t s .  

T go 
Pout  = s ( F  - 1 )  (2-29)  
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a = -  T 
2 + cLo 

Pth = P + - a 
O K  

- = 1500 - 2  watts 
BA cm 2 

Po) = 23  watts 
Potassium 
2.54 cm 

A = “d a 2  
4 

(2-30) 

(2 -43 )  

(2-45) 

(2-46) 

(2-47) 

(2-5 7) 

(3-12) 

Assuming we have  the  highest  quality  laser  rod  and  external  mirrors, 

the  lowest  dissipative  loss, a we can  expect  is 
0’ 

a = 0.006 
0 (3-4) 
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We can of c o u r s e   i n t r o d u c e  more d i s s i p a t i v e   l o s s  w i t h  l ower   qua l i t y  laser compon- 

ents o r  b y   a d d i t i o n a l  elements such as modu la to r s   o r   f r equency   doub le r s   i n s ide  
t 

t h e  laser c a v i t y .  
i 

U t i l i z i n g   t h e   e q u a t i o n s  w e  have ga the red  w e  have as a func t ion   o f   rod  

d iameter ,   d ,   ca lcu la ted  P 

optimumly  coupled (3-57) Nd:YAG laser. We have  assumed a 1 inch  arc l e n g t h  

potassium lamp wi th  a r a t e d   i n p u t  power of   150 watts. The r e s u l t s  are p l o t t e d  

i n   F i g .  3-13.  The  power output   reaches a broad maximum of  Q 1.25 watts a t  a 

rod  diameter  of Q 4 mm. The unsa tu ra t ed   s ing le   pas s   ga in ,   go ,  is ve ry  low f o r  

the   l a rger   rod   d iameters   and  rises a t  an a c c e l e r a t i n g  rate as the  rod  diameter  

is reduced. The laser t h r e s h o l d  is  l o w e s t   f o r   t h e  small diameter  rods  and rises 

more o r  less l i n e a r l y  as the  rod  diameter  is inc reased .  

t h y  'out * and g f o r   t h e   l o w e s t   d i s s i p a t i v e   l o s s   ( 3 - 4 ) ,  
0 

The o u t p u t   c h a r a c t e r i s t i c s  of t h e   s m a l l   d i a m e t e r   l a s e r   r o d s  i s  s a t u r a -  

t ion  dominated. The ou tpu t   cha rac t e r i s t i c s   o f   t he   l a rge r   d i ame te r  laser rods i s  

gain  and loss dominated. 

A very low g a i n  laser t h a t  i s  e x t r e m e l y   l o s s   s e n s i t i v e  would not   have 

r e l i a b i l i t y   c h a r a c t e r i s i t c s   r e q u i r e d   € o r   s p a c e   q u a l i f i c a t i o n .  The s m a l l e s t  ad- 

d i t i o n a l  loss would make such a l a s e r   i n o p e r a b l e .  Nd:YAG lasers w i t h   e x t e r n a l  

m i r r o r s   a r e   t y p i c a l l y   o p e r a t e d   r e l i a b l y   w i t h  g = 5%. We, t h e r e f o r e ,   b e l i e v e  

t h a t   o u t p u t  power mus t   be   t r aded   fo r   i nc reased   ga in   t o   ach ieve  a minimum of 5% 

g a i n   i n   t h e   s p a c e   q u a l i f i e d  Nd:YAG laser. 

0 

Based  upon  Fig. 3-13 we  p r e d i c t   t h a t  a 2 m d i a m e t e r ,   s i d e  pumped, 

b e s t   q u a l i t y  Nd:YAG laser r o d   i n   t h e   b e s t   q u a l i t y   p a p   c a v i t y  w i l l  have a re- 

l i a b l e  5 p e r c e n t   u n s a t u r a t e d   s i n g l e   p a s s   g a i n .  The ou tpu t  power ach ievab le  w i l l  
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be  % 1 w a t t  w i t h  150 w a t t s  i n p u t   i n t o  a 1 inch long  potassium pump lamp.  The 

o v e r a l l   e f f i c i e n c y  w i l l  be  0.66 pe rcen t .   Lase r   t h re sho ld  with a n  optimum output  

coupl ing   mir ror   o f  T = 2.2% will b e  66 watts. T h i s   r e p r e s e n t s   t h e   l o w e s t   i n p u t  

power Nd:YAG laser capable   of  1 w a t t  o u t p u t   w i t h   e x t e r n a l   m i r r o r s   t h a t  w e  can 

contemplate.  

Let’s  cons ider  the optimum g a i n ,   g o ,   f o r  a Nd:YAG laser w i t h  a given 

d i s s i p a t i v e  l o s s .  Assume t h a t   t h e  laser rod  diameter  is a d j u s t e d   t o   a c h i e v e  

t h i s   g a i n .  We can wri te  equat ion  (2 -43)  as 

” 
dK 

go - d (Pin - Po) 

Rearranging 
dK d = - ( P  - P o )  
go i n  

(3-13) 

This   g ives   t he   d i ame te r   r equ i r ed   fo r   ga in ,  go, with   input   power ,  Pin, i n t o  l a m p  

wi th   i n t e r sec t ,   Po¶   and   cons t an t  dK. Consider ing optimum output   t ransmiss ion  

equat ions  (2-29)  (2-30), (2-57), (3-12) , and  (3-13) may be  combined  and  rearranged 

t o   g e t  

2 

” - 2 (Pin - Po)2 ( 6 - G  go ) (3-14) 
Pout BA (dK)2 

Replacing a l l  t h e   c o n s t a n t s  by a s i n g l e   c o n s t a n t  Q ,  

I -  “ \  
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We may f i n d   t h e  m a x i m a  of Pout as a func t ion   of  go €or   given a by s e t t i n g  
3 0 

Pout d’ %ut  

go  go 
= 0 and   cons ider ing  the extremum where 2 < 0. The r e s u l t  is 

go) = 4 (Yo 
OP 

(3-15) 

Figure 3-13 i s  c o n s i s t e n t   w i t h   t h i s .  The m a x i m u m  P occurs  a t  a diameter  where o u t  

go = 2.4% which is 4 times c1 = 0.6%. 
0 

Assume t h a t  optimum ga in  and   rod   d i ame te r   a r e   u t i l i zed .   Subs t i t u t ing  

(3-15) i n t o  (3-14)  t h e  optimum o u t p u t   f o r  a l a s e r   w i t h   d i s s i p a t i v e  l o s s ,  0’ i s  

Pout  

OP ‘in 
The  optimum laser e f f i c i e n c y  E = - OP is 

(3-16) 

(3-17) 

We must  use this equa t ion   w i th  some cau t ion .  A t  low i n p u t  powers the  rod  diameters  

w i l l  become ve ry  small i n   o r d e r   t o   m a i n t a i n   t h e   g a i n   c o n s t a n t .  Very small rods 

c a n   n e i t h e r   b e   f a b r i c a t e d   n o r   e f f i c i e n t l y  pumped. We shou ld ,   t he re fo re ,  l i m i t  u s e  
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of equat ion  (3-17) t o   i n p u t  powers  such that  d given  by  equat ion (3-13) i s  g r e a t e r  

than  1 mm. Also,  Nd:YAG rods  are  n o t   p r a c t i c a l   a b o v e  9 mm d iameter ,  s o  w e  should 

impose t h i s   u p p e r  limit. 

Fig .  3-14 shows t h e  optimum t h e o r e t i c a l   e f f i c i e n c y   f o r   v a r i o u s   d i s s i -  

p a t i v e   l o s s e s   p l o t t e d   v e r s u s   i n p u t  power.  The curves  have  been  discontinued a t  

t h e  low  power  end where  the  rod  diameter  becomes 1 mm and a t  9 mm o r   t h e   h i g h  

power end.  The d r a s t i c   e f f e c t   t h a t   i n t r a c a v i t y   d i s s i p a t i v e   l o s s ,  a has  on Nd:YAG 

laser performance i s  c l e a r l y  shown i n   t h e   f i g u r e .   I f   o n e  remembers t h a t   t y p i c a l  

e l e c t r o - o p t i c  2nd n o n - l i n e a r   c r y s t a l s   i n t r o d u c e  2 t o  3% l o s s  when i n s e r t e d   i n  

Nd:YAG lasers w i t h   h i g h   c i r c u l a t i n g  laser powers ,   t he   d i f f i cu l t i e s   i nvo lved   w i th  

electro-opt ic   modelocking, intracavi ty   f requency  doubl ing,   and  cavi ty  dumping is  

c l ea r ly   demons t r a t ed .  

0’ 

Before   l eav ing   F ig .  3-14, w e  should  again  emphasize  that   each  point   on 

the   cu rves   r ep resen t s  a theo re t i ca l ly   op t imized   po ta s s ium arc  lamp pumped Nd:YAG 

laser.  Each p o i n t   r e p r e s e n t s  a d i f f e r e n t  optimum diameter  laser rod   and   d i f fe ren t  

optimum t ransmiss ion  laser m i r r o r s .  

L e t  us now c o n s i d e r   t h e   e f f e c t   o f   d i f f e r e n t   d i s s i p a t i v e   l o s s e s ,  c1 on 
0’ 

a laser rod  of   f ixed  diameter   and  f ixed  input  power tha t   p roduces   ga in ,   go .  

Combining equat ions  (2-29)  and  (2-57)  and r ea r r ang ing  

- -  
Pout  

- 2 ( <  B -Ai- 0 >’ 
The e f f i c i e n c y ,  E, is 

(3-18) 

(3-19) 
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F igu re  3 - 1 4 .  Optimum T h e o r e t i c a l   E f f i c i e n c y   f o r   V a r i o u s  
Di s s ipa t ive   Losses   fo r   Po ta s s ium Arc Pumped 
Nd :YAG. 
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Assume w e  have a 2 mm Nd:YAG rod pumped w i t h  a 1 inch  potassium 

lamp. In Fig.  3-15 t h e   e f f i c i e n c y   f o r  th i s  laser is p l o t t e d   v e r s u s  the 

d i s s i p a t i v e   l o s s ,  a f o r   s e v e r a l   d i f f e r e n t   g a i n s   a c h i e v e d   w i t h   v a r i o u s   i n p u t  

powers.  Each p o i n t  on these   cu rves   r ep resen t s  a d i f f e r e n t  optimum m i r r o r  

t r a n s m i s s i o n   b u t   t h e  same laser rod. 

0 

Again we see t h e   d r a s t i c   e f f e c t  of d i s s i p a t i v e  l o s s  on laser per- 

formance. The Nd:YAG l a s e r  is a  low ga in  laser when ope ra t ed  a t  a few watts 

of ou tpu t  power.  The  technology of t he   space   qua l i f i ed  Nd:YAG laser w i l l ,  

t h e r e f o r e ,   b e   t h a t  of ach iev ing  low d i s s i p a t i v e  lo s s .  
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SECTION 4 

INCOHERENT SEMICONDUCTOR DIODE PUMPED  Nd:YAG  LASERS 

The idea  of   luminescent   diodes as  t h e  pump lamp f o r  a Nd:YAG 

laser is  extremely  appeal ing.  The s i m p l i c i t y ,   r e l i a b i l i t y   a n d   l o n g  l i f e  

a s soc ia t ed   w i th  a l l  s o l i d  s ta te  electronic   systems  immediately comes t o  

mind. I n   t h i s   s e c t i o n  w e  w i l l  ana lyze   t he   p re sen t   and   fu tu re   p rospec t s  

a n d   c h a r a c t e r i s t i c s   o f   d i o d e  pumped Nd:YAG. 

4 . 1  Effect  of  Temperature  on Nd:YAG Laser Performan_-e 

Most incoherent  semiconductor  diode pump  Nd:YAG lasers operated 

up t o   t h e   p r e s e n t  t i m e  have  been a t  cryogenic  temperatures.   Temperature 

w a s  n o t   i n c l u d e d   i n   o u r   p a r a m e t r i c   a n a l y s i s   i n   S e c t i o n  2.  Therefore ,  w e  

must now cons ider   t empera ture   in   o rder  t o  c l ea r ly   unde r s t and   t hese   d iode  

experiments.  

F i r s t ,   c o n s i d e r   t h e   e f f e c t  of  temperature  on pump band  absorption. 

The f i n e   s t r u c t u r e  of t h e  Nd pump bands  narrows  and  peak  absorpt ion  increases  

as the   t empera ture  is lowered.   Kaminski i l8   has   measured  these  effects   and 

has   found   t ha t   t he   i n t eg ra t ed  pump band absorp t ion   remains   cons tan t ,   inde-  

pendent  of  temperature.  The narrowing  of  the pump band f i n e   s t r u c t u r e  is 

compensated by i t s  increased  peak  absorpt ion.   This  is, of   course,   only 

t r u e   f o r   a n   o p t i c a l l y   t h i n  pumping arrangement  with pump r a d i a t i o n   t h a t  

is wide  compared t o   t h e   f i n e   s t r u c t u r e  of t h e  pump bands. The emissions 

from GaAs P and GaAlxAsl-x diodes  and  potassium arc lamps are wide 1-x x 
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compared t o   t h e  pump band f i n e   s t r u c t u r e ,  however,  and s i d e  pumped, 

low power Nd:YAG lasers are o p t i c a l l y   t h i n   t o   t h e  pump r a d i a t i o n .  We 

may, t h e r e f o r e ,  assume t h a t   t h e  pumping rate f o r  GaAs P and GaAlxAsl-x 

d iodes   o r   po tass ium arc lamp pumped Nd:YAG is  independent  of  temperature 

and may apply  pumping rate informat ion   ob ta ined  a t  one  temperature   to  

another   temperature .  

1-x x 

Second,   cons ider   the   e f fec t   o f   t empera ture   on   th reshold   and  

s a t u r a t i o n   i n   t h e  Nd:YAG laser. Holloway, e t  a1. ,20 have shown t h a t  Nd 

laser th re sho lds   va ry   i nve r se ly   w i th   t he   peak   f l uo rescen t   i n t ens i ty .  

They  measured  peak f l u o r e s c e n t   i n t e n s i t y  as a func t ion  of temperature ,  

and t h e i r   r e s u l t s  compared   f avorab ly   w i th   t he   r educ t ion   i n   l a se r   t h re sho ld  

between 295°K and 77OK.  I n   a d d i t i o n ,  two separate  experiments  have  been 

conducted  to  measure  the laser threshold  as a funct ion  of   temperature ,  

using 77OK GaAsP d iodes   t o  pump a va r i ab le   t empera tu re  Nd:YAG laser rod.  

We are indebted  to  Ostermayer  and  Geusic  for  giving  us a copy  of t h e i r  

d a t a   p r i o r   t o   p u b l i c a t i o n .   F i g u r e  4-1 shows the   r ep lo t t ed   da t a   f rom  each  

of t h e s e   i n v e s t i g a t o r s .   T h e r e  is some v a r i a t i o n   i n   t h e  ra te  of th reshold  

drop  with  temperature .  All agree,   however ,   that   the   threshold  decreases  

q u i t e   r a p i d l y   w i t h   t e m p e r a t u r e   a n d   t h e n   l e v e l s   o f f  a t  about  0.25  of  the 

room tempera ture   va lue .  I f  w e  r e s t r i c t   o u r   i n v e s t i g a t i o n s   t o  77°K and 

room temperature ,  w e  can   conf ident ly   conclude   tha t   th reshold  w i l l  be  

less by 114 a t  77°K compared t o  room temperature .  

19 , 21 

21 
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Figure  4-1. Effec t  of  Temperature on Nd:YAG Laser Threshold. 



The laser threshold   wi th  GaAsP d iodes  w i l l  be  given  from 

equat ion  ( 2 - 4 6 )  by 

Pth = - a K 

s i n c e  P = 0 fo r   e l ec t ro luminescen t   d iodes .  The ga in   cons tan t  K must 

t h e n   b e   a f f e c t e d  by temperature .   Consider   equat ion ( 2 - 4 2 )  

0 

u k krrlNlu-rT 

2hv d 
P 

K = p p  ( 2 - 4 2 )  

The narrowed, more i n t e n s e   f l u o r e s c e n c e  a t  lower  temperatures would be 

expected t o  inc rease   t he   s t imu la t ed   emis s ion   c ros s   s ec t ion  u i n   e q u a t i o n  

( 2 - 4 2 ) .  A l l  o t h e r   f a c t o r s  would  be  expected  to  remain  constant.  We, 

t h e r e f o r e ,   c o n c l u d e   t h a t  u i nc reases  by 4 i n   r educ ing   t he   t empera tu re  

from room tempera ture   to  77'K.  Consider ing  equat ion ( 2 - 2 8 ) ,  

(2- 28)  

w e  conclude   tha t   bo th  B and K i n c r e a s e  by 4 when Nd:YAG i s  reduced  from 

295°K t o  77OK. 

Before  consider ing  diode pumped lasers, i t  w i l l  b e   i n s t r u c t i v e  

to   cons ide r   t he   t heo re t i ca l   pe r fo rmance   o f  a potassium lamp pumped laser 

wi th   t he  laser rod  maintained a t  77'K. Using   our   fac tor  of 4 
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- = 375 - watts and dK = 0.32 Assuming  optimum output   coupl ing ,  w e  
c m  BA 2 

have  used  equation (3-17) t o   c a l c u l a t e   t h e   o p t i m i z e d   e f f i c i e n c y  as a f u n c t i o n  

of i n p u t  power f o r  a. = 0.003 and go = 0.012. This  is  p l o t t e d   i n   F i g u r e  4-2. 

The graph  has  been  terminated a t  low  powers f o r  a 1 mm diameter   rod.  We w i l l  

u s e   t h e s e   r e s u l t s  l a te r  t o  compare  with  diode pumped 77'K Nd:YAG. 

kW ' 

4.2  G a A s l - s x  Diode Pumped Nd:YAG 

Continuous  operation  of a Nd:YAG laser a t  77°K us ing   incoherent  

GaAsP d iodes  as t h e  pump source  has   been  demonstrated by Al len   and   Sca l i se ;  

they   have   repor ted   ach iev ing  1% e f f i c i e n c y .   I n   t h i s   s e c t i o n  w e  w i l l  de t e r -  

mine t h e   c o n s t a n t  dK f o r  GaAsP diodes  and w i l l  use   our   theore t ica l   model  

to   predict   performance of t hese   dev ices .  

8 

For  diode pumping, a laser pump band   w i th   s ign i f i can t   abso rp t ion  

and with  wavelength  near  the laser t r a n s i t i o n  is d e s i r e d .  The 81002 pump 

band bes t   mee t s   t hese   r equ i r emen t s   i n  Nd:YAG. 

We made the   h igh   r e so lu t ion   spec t ropho tomete r   t r ansmiss ion  

measurements of t h e  Nd:YAG  pump bands shown i n   F i g u r e s  4-3 ,  4-4 and 4-5. 

Resolu t ion  w a s  less than  12 th roughout   these   t races .  A 5.13 mm long 

sample  of  nominally 1% Nd:YAG was used ;   t he   h ighes t   abso rp t ion  was 

c l e a r l y   r e s o l v e d .  We w i l l  u s e   t h i s   d a t a   t o   p r e d i c t   d i o d e  laser per for -  

mance wi th   incoherent   d iode  pump sources .  We w i l l  assume t h a t   t h e   r a d i a t i o n  

makes two o r  more  passes  through  the laser rod ,  so t h a t   t h e   d a t a   f o r   t h e  

5 mm thick  sample shown may be   u sed   d i r ec t ly .  
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GaAsl-xPx d iodes  are normal ly   opera ted   wi th   the   ou tput   th rough 

a t h i n  p l a y e r  on a t h i c k e r  n s u b s t r a t e .  22 The cw laser pump diodes  used 

t o   d a t e   h a v e   b e e n   f a b r i c a t e d   i n t o  a dome’’ f r o m   t h e   s u b s t r a t e   s i d e   a n d  

have   emi t t ed   t h rough   t he   t h i cke r ,   s l i gh t ly  more  absorbing n material. 

The  dome is used   t o   r educe   t he   ang le   o f   i nc idence  a t  t h e   e x i t   s u r f a c e  

a n d   t h u s   r e d u c e   t h e   t o t a l   i n t e r n a l   r e f l e c t i o n  l o s s  a t  t h e   h i g h   r e f r a c t i v e  

i n d e x   e x i t   s u r f a c e .  

The output  spectrum  from  one of t h e s e  domed diodes’’ cen tered  

on t h e  8lOOS pump band is redrawn i n   F i g u r e  4-6. Figure  4-6 a l s o  shows 

the   p roduct   o f   the   d iode   spec t rum  and   the  laser rod  t ransmission  ( f rom 

Figure  4 - 4 ) .  T h i s   r e p r e s e n t s   t h e  pump l i g h t  not absorbed by t h e  laser rod.  

Graph ica l   i n t eg ra t ion   o f   t hese   cu rves  shows t h a t  48% of   the  diode  emission 

s h o u l d   b e   a b s o r b e d   i n   t h i s   h y p o t h e t i c a l  laser. (Note t h i s  is  a 7 J 0 K  d iode  

and a room temperature  laser r o d . )  The quantum e f f i c i e n c y   d u e   t o   t h e  

d i f fe rence   in   absorp t ion   and   emiss ion   wavelengths  ( 0 . 8 1  and 1.06 microns) 

i s  0 . 7 7 .  Assuming negl ig ib le   th reshold ,   the   convers ion   e f f ic iency   f rom 

d iode   emis s ion   t o   l a se r   ou tpu t  would then   be  0 . 3 7 .  For  diodes  with 10% 

e x t e r n a l  quantum e f f i c i e n c y ,   t h e   o v e r a l l   e f f i c i e n c y  would  then  be 3 .7%.  

Remembering t h a t   t h e   i n t e g r a t e d  pumping e f f i c i e n c y  w a s  independent  of 

l a s e r   r o d   t e m p e r a t u r e   s i n c e   p e a k   f l u o r e s c e n t   i n t e n s i t y   v a r i a t i o n   e x p l a i n e d  

the   t h re sho ld   va r i a t ion   w i th   t empera tu re ,  w e  may u s e   t h i s  number f o r   t h e   r o d  

a t  7 7 ° K  as w e l l .  We conclude   then   tha t  3 t o  4% e f f i c i e n c y  i s  t h e   b e s t  

a t t a i n a b l e   w i t h  77°K G ~ A S ~ - ~ P ~ .  This   assumes   negl ig ib le   th reshold   and  

pe r fec t   coup l ing   o f   t he   d iode   emis s ion   i n to   t he   rod .  

1 
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I 

Experimental ly ,  0.5 to   1 .0%  e f f i c i ency   has   been   ob ta ined .  8,19,21 

L e t ' s  make an  estimate o f   t he   cons t an t  dK a t  77°K f o r  GaAsP 

pumped Nd:YAG based  upon  our   above  analysis .  Assume optimum ou tpu t  

coupl ing.  From equat ions  (3-18) and (2-43)  

Pout 
= -  K P i n ( l  -e)2 

0 

Therefore ,  

Assume t h a t  a i s  n e g l i g i b l e   f o r   t h e  2.5 mm d iame te r   l a se r   rod .  Use our 

va lue  of 0.37 for   d iode   emiss ion   to  laser ou tpu t  and assume 10% e f f i c i e n t  

d iodes  , 

0 

D 
o u t  
" 

D - 0.037 

Operat ion a t  77°K w i l l  make 2 / @ A  = 375 watts/cm . Using  the area of our 

assumed 2.5 mn diameter  laser rod ,  

2 

- =  18.4  watts/cm 2 
B 
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Correc t ing  K f o r  Nd c o n c e n t r a t i o n  (N i n   e q u a t i o n  ( 2 - 4 2 ) )  s i n c e   o u r  

sample was 1% i n s t e a d  of the  normal  1.5%, w e  t h e n   g e t  

1 

dKGaAsp) = 0 . 7 5  cmjkw 

77"K max 

(4 -3 )  

L e t  u s  now estimate dK f o r  GaAsP based  upon  the  experiments 

r e p o r t e d   i n   t h e   l i t e r a t u r e .  The h i g h e s t   e f f i c i e n c y   d e v i c e  was r e p o r t e d  

by  Allen,  e t  al." They achieved   an   ou tput  of 48 mw a t  1% e f f i c i e n c y  

wi th   t he   d iodes   and   t he  laser rod   opera ted  a t  77°K. I t e r a t i v e l y   s o l v i n g  

equat ion  ( 4 - 2 )  w i t h   t h e   c o n d i t i o n  g = Win and  assuming a = 0 .003 ,  w e  

f i n d   t h a t   f o r   t h e i r  1 .5  mm diameter  laser rod  experiment,  

0 0 

dKGaAsP = 0.61 cm/kw 

77°K 

Th i s   ag rees  w e l l  wi th  our estimate ( 4 - 3 ) .  

t he   t h re sho ld  level  w e  estimate us ing   our  

would only  be 3.5 times threshold   and   no t  
- 7  

(4-4)  

An incons is tency,  however, is  

theory.  We conclude  the laser 

20 times threshold  as w e  under- 

s tand  is common. We also  have  to   assume a = 0 f o r   t h e  1 mm rod   r epor t ed  

by Al len ,  e t  a1.8 t o   c a l c u l a t e  a minimum threshold  of 410 mw compared t o  

t h e i r  measured 300 mw. We, therefore ,   mus t   cons ider   wi th  some r e s e r v a t i o n s  

t h e  dK v a l u e s  w e  have   e s t ima ted   fo r  GaAsP. 

LI 

0 
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We w i l l  show i n   S e c t i o n  6 on hea t   removal   tha t   opera t ion   of  a 

laser a t  77’K is  imposs ib le  i n  a s p a c e c r a f t   d u e   t o  the extremely  heavy 

s p a c e   r a d i a t o r   t h a t  would  be  required. L e t  u s  now cons ider  room tempera- 

t u r e   o p e r a t i o n  of GaAsP diodes.  The diodes  used  by  Allen,  e t  a1.l’ had 

only 1% e x t e r n a l   e f f i c i e n c y  a t  room temperature.  Even then,   thermal  

tun ing   sh i f t ed   t he   wave leng th   such   t ha t  more phosphorus w a s  r equ i r ed  

t o   o b t a i n  81002 emission.  Higher  phosphorus  content,  of c o u r s e ,   f u r t h e r  

r e d u c e s   t h e   e x t e r n a l  quantum e f f i c i e n c y .  Room temperature  laser ope ra t ion ,  

t h e r e f o r e ,   a p p e a r s   i m p o s s i b l e   w i t h   t h i s   c l a s s  of GaAsP device.  

Graded   junc t ion   techniques   should   be   poss ib le   in  G a A s  P as 

i n  Gal-xAlxAs. The technology  has  not  been  developed  in  the 81002 wave- 

l e n g t h   r e g i o n ,   b u t   s e v e r a l   f i r m s  are producing   e f f ic ien t   red-emi t t ing  

GaAsl-xPx display  diodes.   Red-emit t ing  graded-junct ion GaP d iodes   wi th  

7% ex te rna l   e f f i c i ency   have   r ecen t ly   been   r epor t ed .26  We t h e r e f o r e  

expect   that   graded  junct ion  technology  can  be  (or   has   been)   developed 

to   p roduce   d iodes   wi th   ou tputs   comparable   to   tha t   o f  GalbxAlxAs, which 

w e  w i l l  d i s c u s s   i n   t h e   n e x t   s e c t i o n .  

1-x x’ 
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4.3 G a A l  A s  Diode Pumped Nd:YAG 1-x-x 

G a A l A s  i s  made by l i q u i d   p h a s e   e p i t a x y .  High e f f i c i e n c y  room 

tempera ture   incoherent   d iodes   have   been  made from t h i s  material. 

I n   F i g u r e  4-7 w e  h a v e   r e p l o t t e d  a t y p i c a l  room temperature   emission 

spectrum of a Gal-xAlxAs diode  centered  on  the  81008 Nd:YAG laser 

pump band.  Also shown is the   p roduct   o f   the   d iode   spec t rum  and   the  

laser rod   t ransmiss ion   f rom  F igure  4-4. Again t h i s   r e p r e s e n t s   t h e  pump 

l igh t   no t   abso rbed   by   t he  laser rod  in   our   model   of  a double   pass   through 

a 2.5 mm rod .  

23,24 

24 

G r a p h i c a l   i n t e g r a t i o n  of these   curves  shows t h a t  37% o f   t he  

diode  emission  should  be  absorbed.   Again  the  quantum  eff ic iency  (due  to  

a b s o r p t i o n  a t  0 .81 micron  and  emission a t  1 .06 microns) is 0.77. Assuming 

n e g l i g i b l e   t h r e s h o l d ,   t h e   e f f i c i e n c y   o f   d i o d e   e m i s s i o n   t o  laser o u t p u t  

would be  0.28, Assuming a room tempera ture   d iode   wi th  8% quantum  ef- 

f i ~ i e n c y ~ ~  and   neg l ig ib l e   t h re sho ld ,   t he  maximum o v e r a l l   e f f i c i e n c y  would 

be   2 .2   pe rcen t .  

L e t  u s  make a n  estimate o f   t he   cons t an t  dK a t  room temperature  

f o r  G a A l A s  pumped Nd:YAG. Using  equation  (4-2),   assuming CI = 0 f o r  a 

1.5% Nd rod,   assuming  0 .28  emission t o  o u t p u t   f o r  8 percent   d iodes ,   and  

us ing   t he  room temperature  value  of  218, w e  g e t  

0 

d K G a A I A a  = 0.114 c m / k w  ( 4 - 5 )  

20°C iax 
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Assuming w e  c a n   r e a l i z e  0.8 of t h i s  maximum  dK va lue  as w e  estimate 

has  been  accomplished a t  77°K wi th  GaAsP, o u r   b e s t   g u e s s   f o r  G a A l A s  room 

temperature   diodes is 

dKGaAIAs 
20°C 

= 0.09 c m / h  

4.4 C h a r a c t e r i s t i c s  of  an Optimum Incoherent   Diode Pumped Nd:YAG Laser 

We can now use  our   theoret ical   model   and  the dK cons tan t s  w e  have 

e s t ima ted   fo r   d iode  pumped Nd:YAG t o  estimate laser pe r fo rmance .   F i r s t ,  

cons ide r   ope ra t ion  a t  77°K us ing  GaAsP d i o d e s .   U t i l i z i n g   e q u a t i o n s  (3-17) 

and (4 -4 ) ,  w e  h a v e   p l o t t e d   i n   F i g u r e  4-8 the   expec ted  laser e f f i c i e n c y  

ve r sus   i npu t  power f o r   a n  optimum laser w i t h   m i r r o r s   o n   t h e  laser rod  having 

0: = 0.003 and go = 0.012. Again, w e  have   been   carefu l   in   employing   the  

optimized  equation  (3-17).  A t  t h e  low input  powers we h a v e   r e s t r i c t e d   t h e  

laser r o d   s i z e  t o  no t  less than 1 mm. A t  the  high  input  powers,  w e  have 

r e s t r i c t e d   t h e  maximum e f f i c i e n c y   t o  1% because of t h e   u n c e r t a i n t y   i n   o u r  

theore t ica l   unders tanding   of   d iode  pumped lasers and  the  problems  which 

w i l l  o c c u r   i n   c o u p l i n g   l a r g e   d i o d e   a r r a y s   t o   t h e  laser rod.  Also shown 

f o r   c o m p a r i s o n   i n   t h e   f i g u r e  is the   da t a   f rom  F igu re  4-2 fo r   po ta s s ium arc 

lamp pumped 77°K Nd:YAG. Figure  4-8 shows tha t   ex t r eme ly  good Nd:YAG laser 

performance is p o s s i b l e  a t  low input   powers   for   the  laser opera ted  a t  77°K 

w i t h   e i t h e r   d i o d e   o r   p o t a s s i u m  lamp  pumping. We w i l l  show i n   S e c t i o n  6 t h a t  

hea t   r emova l   cons ide ra t ions   p roh ib i t   ope ra t ion  a t  such low temperatures .  

We must  then  look a t  h igher   t empera ture   opera t ion .  

0 
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U t i l i z i n g   e q u a t i o n s  (3-17) and (4-6) w e  h a v e   p l o t t e d   i n   F i g u r e  

4-9 the   expec ted  laser e f f i c i e n c y   v e r s u s   i n p u t  power f o r   a n  optimum 20°C 

G a A l A s  d iode  pumped 2OoC  Nd:YAG laser rod.  An e x t e r n a l   m i r r o r  laser wi th  

s e v e r a l   v a l u e s   o f   d i s s i p a t i v e   l o s s ,  a has  been  considered.  Again,  

powers  lower  than  those  with optimum laser rod  diameters  less than  1 mm 

have  not   been  included  and a maximum laser e f f i c i e n c y   o f  1% has  been 

assumed. I n   F i g u r e  4-10 w e  have  compared  the room temperature  GaAlAs 

diodes  and  the  potassium arc lamp pumped room temperature  Nd:YAG e f f i -  

c i ency   ve r sus   i npu t  power estimates from  Figures 3-13 and 4-9 f o r   t h e  

best   performance c1 = 0.006  and  go = 0.012  condi t ions.  GaAlAs  d iode  

pumped Nd:YAG has   about  0.3% e f f i c i e n c y  a t  only  30 watts i n p u t .  The 

e f f i c i e n c y   f o r   t h e   d i o d e s  is h ighe r   t han   fo r   t he   po ta s s ium  a rc  up t o  

a n   i n p u t  power of  170 watts where  the two become equal .  Above t h i s   i n p u t ,  

w e  estimate the  potassium arc pumped Nd:YAG t o   b e  more e f f i c i e n t .  

0’ 

0 

The  number of   d iodes   requi red   for  a laser pump depends, of course ,  

on   the   d iode   des ign .   Cons ider ing   the  IBM Gal-xAlxAs t e ~ h n o l o g y , ~ ~  a 0.012 x 

0.036  diode  operated a t  - 250 amp/cm2 cur ren t   dens i ty   could   p roduce  90 mW 

t o t a l   e m i s s i o n  a t  8 p e r c e n t   e f f i c i e n c y .  An output  power  of 1 watt r e q u i r e s  

100 watts of   input  power accord ing   to   F igure  4-10. We then estimate t h a t  

an  array  of   about   90 G a A l A s  d iodes  is r e q u i r e d   f o r  a room temperature  1 w a t t  

Nd:YAG laser ope ra t ing  a t  1 p e r c e n t   e f f i c i e n c y  a t  1.06  microns  wavelength. 
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4.5 Expected  Life   of  Room Temperature GaAlAs Laser Pumping Diodes 
1 

L i t t l e  l i f e   d a t a  is a v a i l a b l e   o n  room temperature GaAlAs diodes.  

Data is  a v a i l a b l e  on G a A s  d iodes ,  however,  and w e  can assume i t  w i l l  apply 

t o   f u t u r e  GaAlAs devices .   Diode   l i fe   depends   on   opera t ing   cur ren t   dens i ty .  

We have   assumed  opera t ing   cur ren t   dens i t ies   o f  250 amps/cm2 i n  our estimate 

of  90 d i o d e s   f o r  1 watt  output.  Konnerth,Marinace,  and  Topalian2’  have 

r e c e n t l y   p u b l i s h e d   l i f e   d a t a  on  both  l iquid-epi taxy  and  z inc  diffused G a A s  

d i o d e s   o p e r a t e d   a t   c u r r e n t   d e n s i t i e s   o f  250 t o  500 amps/cm . We have  taken 

t h e   l i b e r t y   o f   r e p r o d u c i n g   t h e i r   b e s t   d a t a   i n   F i g u r e  4-11. Most of   these  

diodes were o p e r a t i n g   a t   b e t t e r   t h a n  80 pe rcen t  of t h e i r   i n i t i a l   o u t p u t  

luminescence a t  22,500  and 30,000 hours.  The h a l f   l i f e   o f   t h e s e   d i o d e s  

appears   to   be   g rea te r   than   90 ,000   hours .   E lec t ro luminescent   d iodes   can ,  

t h e r e f o r e ,   b e  made wi th   ex t r eme ly   l ong   l i f e .   Th i s  is a very   impor tan t  

p r o p e r t y   f o r  a s p a c e   q u a l i f i e d  Nd:YAG l a s e r .   L e a s t  w e  become over-confident ,  

however,  Konnerth, e t  al .29 show curves   o f   d iodes   wi th   ha l f   l ives  of less 

than 3,000 hours.  Development e f f o r t  must  occur  for  long-lived room 

temperature G a A l A s  d iode  pumping a r r a y s   f o r  Nd:YAG t o   b e   a v a i l a b l e .  

28 
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Figure  4-11. Konnerth,  Marinace  and T ~ p a l i a n ' s ~ ~  Data  on 
L i f e  of Liquid-Epitaxy  and  Zinc  Diffused 
GaAs Incoherent  Diodes.  
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SECTION 5 

SUN PUMPED Nd:YAG  LASERS 

A number o f   r e s e a r c h   e f f o r t s   o n   s u n  pumped lasers have 

been  completed  over   the  years .  3 0 > 3 1 > 3 2 > 3 3 Y 3 4 > 3 5 > 3 6  Most  of these 

s t u d i e s  were completed  before good q u a l i t y  Nd:YAG was a v a i l a b l e  and t h e  

r e s u l t s  were i n   g e n e r a l   n o t   s p e c t a c u l a r .  With materials and  tech- 

niques now a v a i l a b l e ,   e f f i c i e n t   s u n  pumping of Nd:YAG lasers should 

indeed   be   p rac t i ca l .  The w e i g h t   r e q u i r e d   t o   d i r e c t l y   s u n  pump a 

s p a c e   q u a l i f i e d  Nd:YAG l a s e r   s h o u l d   b e   s i g n i f i c a n t l y  less than  weight 

r e q u i r e d   f o r   s o l a r  c e l l  s t r u c t u r e s  and  power s u p p l i e s   f o r   a n  elect- 

r i c a l l y  pumped Nd:YAG laser. 

A problem  wi th   exc lus ive   sun  pumping is t h a t   t h e  sun is 

o c c a s i o n a l l y   o c c u l t e d   i n  most s a t e l l i t e  o r b i t s .   O p t i c a l  communica- 

t i on   sys t ems  may be   requi red  when t h e  laser i s  i n   t h e   d a r k .   F o r  

t h i s   r e a s o n ,  a dua l  pumping arrangement is preferred,   whereby,  a 

s p a c e   q u a l i f i e d  Nd:YAG laser can  be  sun pumped a t  most times, b u t  

c a n   b e   e l e c t r i c a l l y  pumped  when i n   t h e   d a r k .  We w i l l  de sc r ibe   such  

a dua l  pumping  scheme later i n   t h i s   s e c t i o n   a n d   o u r  1amp.pumped 

s p a c e   q u a l i f i e d  Nd:YAG laser design  which w i l l  b e   d e s c r i b e d   i n  sec- 

t i o n  8 is compat ib le   wi th   dua l  pumping. 

5.1 Consideration  of  Previous Sun Pumping Research 

Cons iderable   research   (bo th   theore t ica l   and   exper imenta l )  

has  been  done  on  sun pumping va r ious  materials. The s t a f f   o f  Ameri- 

can   Opt ica l  Company has   pe r fo rmed   t h ree   s tud ie s   unde r   con t r ac t   fo r   t he  
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U.S. A i r  Force. 30a31’34 They have   def ined  a t h e o r e t i c a l  merit f a c t o r ,  

G which is e s s e n t i a l l y   t h e   d e g r e e   a b o v e   t h r e s h o l d   f o r  a given sun- 

pumping level. I n   c a l c u l a t i n g  G they  have  assumed a c o l l e c t o r  area 

of l m  . We f e e l   t h a t  a be t t e r   compar i s ion  i s  t o   a s s u r e   a n  area of 

0.29m , e q u a l   t o   t h a t   o f   t h e   2 4 - i n c h   s o l a r   c o l l e c t o r   u s e d   i n   t h e  Ameri- 

can   Opt ica l   exper iments .   Consul t ing   the   th ree   Amer ican   Opt ica l   f ina l  

r e p o r t s  30a31’34 and   conve r t ing   t he   mos t   r ecen t   t heo re t i ca l   p red ic t ions  

of G f o r   v a r i o u s  materials t o   t h e  0.29m area, t h e  merit f a c t o r s  are 

as shown i n   T a b l e  5-1 f o r  Nd:YAG, Nd:Glass, Nd:CaWO and  ruby.  Also 

shown i n   T a b l e  5-1 a re   t he   expe r imen ta l   va lues  of t h e  merit f a c t o r  

(o r   deg ree   above   t h re sho ld )   fo r   va r ious  materials as determined by 

va r ious  sun-pumping inves t iga to r s .   Aga in ,   t he   va lues   have   been  con- 

v e r t e d   t o  a s o l a r   c o l l e c t o r  area of 0.29m or  24-inch  diameter.  

2 

2 

2 

4 

2 I 

Table 5-1.  Sun-Pumping Merit Fac to r ,  G(Degree Above Threshold) ,  

€or a 24-Inch  Solar   Col lector   and Laser Material a t  

Room Temperature 

Material G,Theoret ical  

Ruby 

Nd : CaW04 

0.3 

Nd : Glass 

1.2  (31,341 

(30 a 31) 

12  (34) 

Never  Lased 

I n t e r m i t t e n t  

Lasing 

I 

The d a t a   i n   T a b l e  5-1 show t h a t  ruby w i l l  n o t  lase wi th  

t h e  24- i n c h   s o l a r   c o l l e c t o r .  A c o l l e c t o r  of  about 40 i n c h e s   i n  
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d i a m e t e r   t h e o r e t i c a l l y   s h o u l d   j u s t   a c h i e v e   t h r e s h o l d .   T h i s   r e s u l t  is 

n o t  a t  a l l  s u r p r i s i n g .  Ruby is a th ree - l eve l  laser material an:: has  

been  operated CW w i t h   t h e   b r i g h t e s t  lamp a v a i l a b l e ,   t h e   h i g h - p r e s s u r e  

Hg c a p i l l a r y  arc. 

Nd:CaWO has  been made t o  lase wi th   sun  pumping by  workers 4 

i n   Russ i a .36   The i r   expe r imen ta l   r e su l t s   ag ree   ex t r eme ly  w e l l  wi th  

American  Optical  Company's t h e o r e t i c a l   p r e d i c t i o n s .  31,34 

Nd:Glass  has  been made t o  lase i n t e r m i t t e n t l y  by  American 

Op t i ca l  Company. S i m p ~ o n ~ ~  w a s  a b l e   t o   r e a c h   b u r s t s   0 . 5   s e c o n d   i n  

length .  Young35 w a s  a b l e   t o   g e t   7 - m i l l i s e c o n d   b u r s t s .  

Nd:YAG h a s   t h e   h i g h e s t   f i g u r e   o f  merit shown i n   T a b l e  5-1. 

34 
I t  has   been   successfu l ly   sun  pumped by RCA33 and  American  Optical. 

The Russians recommend i t  as t h e   b e s t  material f o r   s u n  pumping. 36 

Recent ly ,  R ~ t h r o c k ~ ~  has  grown Nd:YAG wi th  0.1% C r  which  has   excel lent  

o p t i c a l   q u a l i t y .  Nd:Cr:YAG wi th  1% Cr38 w a s  ex t ens ive ly   i nves t iga t ed  

by P res s l ey .  The o p t i c a l   q u a l i t y   o f   t h i s  material w a s  poor  and  prevented 

e x p l o i t a t i o n  o f   t he   l a rge  C r  pump b a n d s   t h a t   c r o s s   r e l a x   t o   t h e  Nd ions .  

The h i g h   o p t i c a l   q u a l i t y   0 . 1 %  Cr:Nd:YAG is e s s e n t i a l l y   i d e n t i c a l   t o  

Nd:YAG i n   s i d e  pumping arrangements.   With  the  long pump l i g h t   p a t h  

a v a i l a b l e   i n  end  pumping,  however, s i g n i f i c a n t  pump l igh t   can   be   abso rbed  

by 0.1% C r .  This  new material  is a n   a t t r a c t i v e   c a n d i d a t e   f o r   d u a l  pumped 

lasers us ing   so l a r   end  pumping and  potassium  lamps  or G a A l A s  d i o d e s   f o r  

s i d e  pumping.  The s o l a r  pumping f i g u r e  of merit,  G ,  f o r   t h i s  material is 

es t ima ted   t o   be  30 f o r   t h i s  material end pumped wi th  a 24-inch s o l a r   c o l l e c t o r .  
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5.2  Dual Pumped Laser  Design  Approach 

We have  designed a Coude sun-pumping  attachment  for a space- 

q u a l i f i e d  side-pumped laser. T h i s   a t t a c h m e n t   b r i n g s   t h e   s o l a r  pump 

ene rgy   t o   t he  laser r a t h e r   t h a n   b r i n g i n g   t h e  laser t o   t h e   s o l a r   e n e r g y  

as i s  commonly done in   r e sea rch   expe r imen t s .  The s o l a r   c o l l e c t o r  

has  been  assumed t o   b e  a 24-inch  telescope. A des ign   layout   o f   the  

sun-pumped laser is shown i n   F i g u r e  5-1, 5-2,  and 5-3.  The 24-inch 

p r imary   co l l ec t s   t he   i nc iden t   sun l igh t   and   b r ings  i t  toward a focus  

where i t  is  i n t e r c e p t e d  by a cassegrainian  secondary  mirror .  The 

secondary  increases   the  focal   length  producing a nea r ly   co l l ima ted  

beam. This  beam is d e f l e c t e d  a t  a r i g h t   a n g l e   a n d  down t h e   a x i s   o f  

t he   ho l low  e l eva t ion   ad jus t ing   sha f t .  A mirror   cen tered   on   the   shaf t  

d e f l e c t s   t h e  beam to   another   mir ror   cen tered   on   the   az imuth   ro ta t ion  

a x i s .  The beam ex i t s   t h rough   t he   ho l low  az imuth   ad jus t ing   sha f t ;  i t  

is  now comple te ly   independent   o f   the   so la r   co l lec tor .   Regard less   o f  

t he   e l eva t ion   and   az imuth   pos i t i on   o f   t he   so l a r   co l l ec to r ,   t he   ex i t  

beam posit ion  remains  unchanged. 

A mir ro r  now d e f l e c t s   t h e  beam t o  a l e n s .  The s o l a r  image 

produced by the   p r imary   and   s econda ry   mi r ro r   f a l l s   app rox ima te ly  a t  

t h e   l e n s .  The lens   b r ings   an   image  of t h e   e n t r a n c e   a p e r t u r e  of t h e  

s o l a r   c o l l e c t o r   o n t o  a cone   f rus t rum  “ t rumpet1‘   l igh t   concent ra tor  39 

that   changes  diameter  down to   t he   d i ame te r   o f   t he  Nd:YAG l a s e r   r o d  

i n   t h e   s p a c e - q u a l i f i e d  laser. The t rumpet   concentrator  is made of 

undoped YAG material and is o p t i c a l l y   c o n t a c t e d   t o   t h e   e n d   o f   t h e  

Nd:YAG laser rod. A small laser m i r r o r  i s  deposi ted  on  the  large  end 

o f   t he   concen t r a to r .  The s o l a r   r a y s  are t o t a l l y   i n t e r n a l l y   r e f l e c t e d  
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i n   t h e   c o n e   u n t i l   t h e y  enter t h e  end  of   the laser rod. The f o u r - l e v e l  

Nd:YAG l a s e r  material i s  pumped more i n t e n s e l y  a t  the   en t r ance   end  

than a t  the   oppos i t e   end .   Th i s  is no  problem  however,  because Nd:YAG 

is q u i t e   t r a n s p a r e n t  t o  i t s  own laser emission.  (With a t h r e e - l e v e l  

ma te r i a l   such  as ruby ,   t h i s  would  be a c r i t i ca l   p rob lem  because   t he  

l a se r   ene rgy  would  be  reabsorbed a t  t h e   f a r  (unpumped)  end  of t he   rod . )  

A l l  r e f l e c t i v e   s u r f a c e s  are o p t i c a l l y   c o a t e d   w i t h   h i g h   r e f l e c t i o n  

d i e l e c t r i c   o r   e n h a n c e d  metal c o a t i n g s   f o r   t h e  Nd:YAG  pump bands. 

This   des ign  i s  unique. It achieves  end pumping with. a 

n e a r l y   a l l - r e f l e c t i v e   o p t i c a l   s y s t e m .  The laser is mounted completely 

independent  of the s o l a r   c o l l e c t o r   p o i n t i n g   a n d   t r a c k i n g .  The laser 

can  be  both  sun pumped and  lamp pumped. 
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SECTION 6 

HEAT REMOVAL FROM  Nd:YAG  LASER I N  SPACE 

Most Nd:YAG lasers are cooled  by  f lowing water around  the 

su r face   o f  a c y l i n d r i c a l  laser rod.  The thermal stresses induced by 

t h i s  method  of   cool ing   wi th   cy l indr ica l  symmetry seve re ly  l i m i t  low 

o r d e r   s p a t i a l  mode laser p e r f ~ r m a n c e , ~   a n d  i t  has   been   sugges ted   tha t  

cool ing  w i t h  Ca r t e s i an  symmetry  would b e   b e t t e r .   C i r c u l a t i n g   l i q u i d  

cool ing  i s  n o t  a favored   technique   for   space-borne   sys tems  e i ther .  

Conduct ive   and   l iqu id- f i l l ed   hea t   p ipe   cool ing   techniques   have  much 

l o n g e r   l i f e  and are  more re l iab le .   Conduct ive   and   hea t   p ipe   cool ing  

were, t h e r e f o r e ,   c h o s e n   f o r   t h e   s p a c e   q u a l i f i e d  Nd:YAG laser des ign .  

These  cool ing  devices  were assumed t o   t e r m i n a t e   i n   r a d i a t i v e   h e a t  

exchangers   tha t  dumped t h e   h e a t   i n t o   s p a c e .  

The s p a c e   q u a l i f i e d  Nd:YAG laser has  been  designed  with con- 

d u c t i v e   c o o l i n g  of t he  laser rod   f rom  one   s ide   in  a Cartesian r e l a t i o n s h i p .  

This   des ign  w i l l  b e   d e s c r i b e d   i n   d e t a i l   i n   S e c t i o n  7 .  I n   t h i s   s e c t i o n ,  w e  

w i l l  analyze  the  problem  of   heat   t ransfer   f rom  the  space laser, w i l l  des- 

c r i b e  some of   the  laser d e s i g n   d e t a i l s   r e q u i r e d   f o r   o u r   t h e r m a l   a n a l y s i s ,  

and w i l l  d e s c r i b e  some  of the  heat  removal  experiments  conducted  during 

the  program. 

The  symbols  used i n   e q u a t i o n s   i n   t h i s   s e c t i o n  w i l l  r e u s e  some of 

those  used earlier. We h a v e   d o n e   t h i s   t o   b e   c o n s i s t e n t   w i t h   t h e  nomen- 

c l e tu re   no rma l ly   u sed  i n  t h e   h e a t   t r a n s f e r  literature. The earlier 

symbol d e f i n i t i o n s  are used  throughout   the rest of   the   repor t ;   those   used  

i n   t h i s   s e c t i o n  are u s e d   o n l y   i n   t h i s   s e c t i o n .  
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6.1   Laser  Rod Mounting 

The  mounting s t r u c t u r e   f o r   t h e  YAG rod  is  cons t ruc ted   o f   pure  

niobium,  having a thermal   coeff ic ient   of   expansion  which  c losely  matches 

t h a t  of YAG. The c o e f f i c i e n t   o f  YAG had  previously  been  determined  to  

b e   6 . 9   i r ~ / i n / " C . ~ '  The c o e f f i c i e n t  of  niobium is 6 .88   in / in /"C  to  

7.38  in/in/"C,  depending  upon  the melt and  manufacturer.  Niobium is 

one   o f   t he   r e f r ac to ry  metal fami ly ,   having  a melt ing  temperature   of  

4379°F. It has  a d e n s i t y   o f   5 3 5   l b s l f t .  , approximate ly   the  same as b r a s s .  3 

n 

The thermal   conduct iv i ty  is reasonably   h igh ,   31  BTU/hr. f t .   " F / f t . ,  a 

d e s i r a b l e   p r o p e r t y   i n   t h i s   a p p l i c a t i o n .  The YAG rod  mounting is shown 

i n   F i g u r e  6-1. 

L 

The mount ing   sur face   for   the   rod  is a machined  radiused  groove 

t o  p rov ide   i n t ima te   con tac t   w i th   t he   rod   ove r  90" of i ts periphery.  The 

rod is  so lde red   i n to   t h i s   g roove .  Niobium cannot   be  w e t  and  soldered  with 

o r d i n a r y   f l u x e s   d u e   t o   t h e   i n e r t n e s s   o f   t h e   o x i d e   c o a t i n g ;   t h e r e f o r e ,  

p la t ing   o f   the   n iobium was at tempted.  I t  was found  tha t   c leaning   the  

material i n   h o t  H 2 S 0 4 ,  apply ing  a n i c k e l   s t r i k e   w i t h  a 50 x 10 inch  

th ick   l ayer   o f   copper   fo l lowed by a f i n a l   g o l d   f l a s h   p r o v i d e s  good 

s o l d e r a b i l i t y   a n d   c o r r o s i o n   r e s i s t a n c e .  

-6 

The YAG rod i s  plated  over   90"  of  i ts  per iphery .  It w a s  found 

tha t   the   p ropr ie ta ry   t echnique   of   L iber ty   Mir ror   Div is ion   of   L ibby  Owens 

Ford  produced a vacuum depos i t ed   go ld   h igh ly - re f l ec t ive   s econd   su r f ace  

mi r ro r   w i th   t he   bes t   adhe rence   o f  a number of  techniques w e  i n v e s t i g a t e d .  

Nickel is a p p l i e d   o v e r   t h i s   t o   p r o v i d e   c o a t i n g   t h i c k n e s s   a n d   s o l d e r a b i l i t y  

without   scavenging.  The YAG rod is  so lde red   t o   t he   suppor t   b lock   u s ing  
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pure  indium  solder  which  has a low/me l t ing   po in t ,   h igh   duc t i l i t y ,   and  

minimum scavenge   t o   t he   n i cke l   and   go ld   du r ing   so lde r ing .  The s o l d e r  

bond between  the  rod  and  block is maintained a t  .004" - .005" th ickness .  

T h i s   r e s u l t s   i n  maximum j o i n t   s t r e n g t h   a n d  l o w   t h e r m a l   r e s i s t i v i t y .  

One of  the  problems is  adherence   o f   the   go ld   mir rored   sur face  

t o   t h e  YAG rod .  We considered a number of   techniques  of   applying  this  

h igh   i n t e rna l   su r f ace   ( s econd   su r f ace )   r e f l ec t ing   coa t ing   wh ich   mus t   have  

minimum thermal  impedance. We r a n  test samples  on  what  appeared  to  be 

t h e   t h r e e  most  promising  techniques.  The f i r s t  w a s  t h e   p r o p r i e t a r y  

vacuum deposi ted  oxide  undercoat ing  and  gold  technique  of   Liber ty   Mirror  

Division  of  Libby Owens Ford  Corporation. The second was s p u t t e r i n g  of 

oxide  undercoatings  and  gold.   Electrotec  Corporation  produced  samples 

wi th  A1 0 and T i 0  unde rcoa t ings   u s ing   t he   spu t t e r ing   t echn ique .  The 

t h i r d  w a s  the   f i red-on   " l iqu id   go ld"   formula t ions   o f   Engelhard   Indus t r ies .  

2 3  2 

The sample   subs t ra tes   used   in   these   exper iments  were of   fused 

qua r t z .  It was used   because   o f   the   s imi la r i ty   o f   the   adhes ion   and  re- 

f l ec t ion   p rob lem  wi th  YAG and   t he   l ower   cos t   and   ava i l ab i l i t y .  

Table  6-1 shows t h e   r e f l e c t i v i t i e s  measured  for   the  var ious  samples   using 

a 63282 He-Ne laser. 

Samples  with  the 88% r e f l ec t ing   L ibe r ty   Mi r ro r   coa t ing   and   t he  

80%  A1203 undercoated 

no   degrada t ion   of   the  

Mi r ro r   coa t ing   i n   ou r  

E l e c t r o t e c   c o a t i n g  were s o l d e r e d   s u c c e s s f u l l y   w i t h  

coa t ings .  We t h e n   d e c i d e d   t o   u t i l i z e   t h e   L i b e r t y  

experiments  because  of i t s  h i g h e r   r e f l e c t i v i t y .  
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TABLE 6-1. I n t e r n a l   S u r f a c e   R e f l e c t i v i t y   o f   V a r i o u s  
High  Adherence  Gold  Coatings  on  Fused 
Quar t z   P l a t e s .  

Coat ing   Descr ip t ion  

P r o p r i e t a r y  vacuum depos i ted  
oxide  undercoated  gold  with 
n i cke l   ove rcoa t  

Sput te red  A1203 under Gold 
wi th   n i cke l   ove rcoa t  

Sputtered  Ti02  under  Gold 
wi th  chromium, t h e n   n i c k e l  
overcoa t  

Hanovia l i q u i d   g o l d   b r i g h t  
whi te ,  N o .  1 

Hanovia l i q u i d   g o l d   b r i g h t ,  
No. NW 

Reference vacuum depos i ted  
g o l d   ( e x t e r n a l   s u r f a c e )  

Coating  Manufacturer 

Liber ty   Mir ror  

E l e c t r o t e c  

E l e c t r o t e c  

Engelhard   Indus t r ies ,  
Hanovia  Liquid  Gold  Div. 

Engelhard   Indus t r ies ,  
Hanovia  Liquid  Gold  Div. 

Sylvania  

I n t e r n a l   S u r f a c e  
R e f l e c t i o n  

88% 

80% 

45% 

37% 

60% 

98.5% 

I 
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A 2 mm d iameter  Nd:YAG rod w a s  coated  over  90" of i t s  per iphery  

wi th   the   L iber ty   Mir ror   coa t ing   and  was soldered  to  the  niobium  mounting 

with  indium  solder .  About 50% of   t he   coa ted   su r f ace  was removed  by t h e  

so lde r ing .  We b e l i e v e   t h a t   n i c k e l   o v e r c o a t   l a y e r  w a s  n o t  as t h i c k  as 

requi red   and   tha t   the   ind ium  so lder   scavenged   the   go ld   coa t ing .   Fur ther  

development i s  r e q u i r e d   i n   o r d e r   t o   p r o d u c e   r e l i a b l e   j o i n t s   b e t w e e n   t h e  

Nd:YAG rod  and  the  niobium. 

6.2 Heat Pipe   Cons idera t ions  

The h e a t   p i p e  was s e l e c t e d  as a means t o  remove hea t   f rom  the  

rod   moun t ing   s t ruc tu re   because   t he   h igh   t he rma l   conduc tance ,   f i f t y   o r  

more times b e t t e r   t h a n  a s o l i d   m e t a l l i c   c o n d u c t o r ,   a n d  l o w  weight  and 

h i g h   a n t i c i p a t e d   r e l i a b i l i t y  seem i d e a l   f o r   u s e   i n   s p a c e c r a f t   a p p l i c a t i o n s .  

The h e a t   p i p e  as u s e d   f o r   t h i s   p u r p o s e   c o n s i s t s   o f   a n   o u t e r   c i r c u l a r  

hous ing ,   an   inner   sc reen   to   car ry   the   f lu id ,   and   the   working   f lu id .  The 

f l u i d  is  vapor i zed   i n   t he   evapora to r  end by h e a t   i n p u t ,   t r a v e l s  down t h e  

cen te r  of the  assembly t o  the  other   end  which  must   be  cooled  in  some manner 

to   cause   condensa t ion  of t h e   f l u i d   w h i c h   t h e n   t r a v e l s   t o   t h e   e v a p o r a t o r  end 

by s u r f a c e   t e n s i o n   f o r c e s   i n   t h e   s c r e e n   w i c k .  The p ipe  i s  comple te ly   c losed ,  

forming a hermetic  seal between  the  working  f luid  and  the  outs ide  environ-  

men t . 

Practical  c o n s i d e r a t i o n s   i n   t h e   a p p l i c a t i o n   o f   h e a t   p i p e s  are 

those   o f   r equ i r ed   conduc tance   l eng th ,   t he rma l   f l ux   dens i t i e s   i n   t he   i npu t  

and   ou tput   sur faces ,   to ta l   hea t   f lux   conductance ,   and   des i red   working  t e m -  

pe ra tu re .  A p i p e ' s  maximum thermal  conductance is a func t ion   o f   t he  

working  f luid,   p ipe  diameter   and  wick  configurat ion.   In   the  absence  of  
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a g rav i ty   f i e ld ,   t he   t he rma l   conduc tance  is d i r e c t l y   p r o p o r t i o n a l   t o   t h e  

l a t e n t   h e a t  of vapor i za t ion   o f  the f l u i d ,   t o   t h e   c r o s s   s e c t i o n a l   a r e a ,  

t o   t h e   s q u a r e   r o o t  of t h e   s u r f a c e   t e n s i o n  and the vapor   dens i ty   o f   t he  

f l u i d ,  42 

" A Q -  - hvc 
where Q = a x i a l   h e a t   f l u x  

A = a r e a  of  vapor  flow  passage 

hv = l a t e n t   h e a t   o f   v a p o r i z a t i o n  

pv = dens i ty   o f   vapor  

y = s u r f a c e   t e n s i o n .  

Assuming o p e r a t i o n   i n  a g r a v i t y   f i e l d ,   t h e  maximum l e n g t h   f o r  a 

g iven   p ipe   d iameter ,   wick   mater ia l   and   f lu id  is determined by t h e   a v a i l a b l e  

pressure   head   or  

APc = APG + AP + APv L 

where APc = pressure  head  generated by t h e   c a p i l l a r y   s t r u c t u r e  

APG = pres su re   head   due   t o   g rav i ty  

APL = v i s c o u s   p r e s s u r e  loss i n   l i q u i d  

APv = v i s c o u s   a n d   i n e r t i a l   p r e s s u r e   l o s s   i n   v a p o r .  

I n   t h e   a b o v e   e q u a l i t y ,   t h e   l i q u i d  and  vapor  drag  and  the  gravity 

f o r c e s   e q u a l   t h e   s u r f a c e   t e n s i o n   f o r c e s   i n   t h e   c a p i l l a r y   s t r u c t u r e .  The 

g r a v i t y   f o r c e   c o u l d   e i t h e r   a s s i s t   o r   i m p a i r   o p e r a t i o n   o n   t h e   g r o u n d ,  de- 

pending  upon  pipe  or ientat ion,   but  would not   be  a f a c t o r   i n   o u t e r   s p a c e .  
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Optimum l e n g t h s   f o r   d i f f e r e n t   c o m b i n a t i o n s   o f , f l u i d   a n d   w i c k  

have  been  determined  and are ava i lab le   commerc ia l ly .   Longer   l engths   for  

a g iven   d i ame te r   su f f e r  a l i n e a r  l o s s  i n   e f f i c i e n c y   d u e  fo t h e   g r e a t e r  

p r e s s u r e   g r a d i e n t s   i n   t h e   l o n g e r   f l o w   p a t h .   C i r c u l a r   h e a t   p i p e s   w i t h  

90’ bends are a v a i l a b l e  from s e v e r a l   v e n d o r s  who have  solved  the  problem 

of l i qu id   r e tu rn   t h rough   t he   cu rved   po r t ions .  

A u s e f u l   e x p r e s s i o n   f o r   t h e   o v e r a l l   d e s i g n   o f  a h e a t   p i p e  is 

as fo l lows:  42 

where 

go = g r a v i t a t i o n a l   c o n s t a n t  

A = a cons tan t  

v = k i n e m a t i c   v i s c o s i t y  

K = wick   conf igu ra t ion   f ac to r .  

The maximum the rma l   dens i ty   fo r   t he   i npu t   and   ou tpu t   t o  a h e a t  

p ipe  i s  determined  empir ical ly   and is t h e   p o i n t  a t  which   hea t   t ransfer  

c e a s e s   d u e   t o   t h e   f a c t   t h a t   t h e   c a p i l l a r y   s t r u c t u r e   c a n  no l o n g e r   d e l i v e r  

s u f f i c i e n t   r e t u r n   f l u i d   t o   t h e   e v a p o r a t o r   s e c t i o n   p e r   u n i t  time. For   the 

p ipes   u sed   i n   t h i s   p rog ram,   t he  maximum thermal   densi ty   has   been  determined 

by the   manufac turer   to   be  15-20 wa t t s / i n .2   on   t he   i npu t  end  and 30 w a t t s / i n .  

on the  output   end.  

2 
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With  considerat ion  of   the  above  parameters ,  the p i p e   s e l e c t e d  was 

a .25" d iameter   by   12"   long   s ta in less  steel p ipe   € i l l ed   w i th   anhydrous  

ammonia. T e s t  a p p a r a t u s   t o   s i m u l a t e  laser rod   t he rma l   i npu t   l eve l s  i s  

shown as Figure  6-2. T e s t  r e s u l t s   f o r   t h e   a n h y d r o u s  ammonia p i p e  are 

shown i n   F i g u r e  6-3. A .25"  diameter   by  12"  long  copper   pipe  f i l led  with 

methanol w a s  a l s o   t e s t e d .  The t e s t  r e s u l t s  are presented  as F igure  6-4. 

6.3  Thermal  Resistance  from Laser Rod to   Rad ia t ion   Coo le r  
" ~~ ~ . "~ 

Tota l   hea t   pa th   t he rma l   r e s i s t ance   f rom  the   rod   t o   t he   r ad ia t ion  

dev ice   cons i s t s   o f  a number of series r e s i s t a n c e s .   T h e s e   c o n s i s t   o f   m e t a l l i c  

r e s i s t i v i t i e s ,   i n e f f i c i e n c i e s  i n  t h e   h e a t   p i p e  and i n t e r f a c e   r e s i s t a n c e s .  

Values were c a l c u l a t e d   f o r  two d i s t i n c t  cases, 2 watts d i s s i p a t i o n  and  20 

watts d i s s i p a t i o n   i n t o   t h e   h e a t   p i p e .   R e s u l t s  are p l o t t e d   i n   F i g u r e  6-5. 

The f i r s t  two r e s i s t ances   encoun te red  by thermal   energy  f rom  the 

rod are the   i nd ium  so lde r   j o in t   and   t he  material of  the  niobium  block.  For 

hea t   l o s s   t h rough   t hese  materials wi th  no h e a t   l o s s  f r o m   t h e   s i d e s ,   r e s i s t a n c e  

can   be   ca lcu la ted  as: 43 

R =  3.414 L 
AK 

where R = t h e r m a l   r e s i s t a n c e  OF/watt 

L = pa th   l eng th  - f t. 

A = path  area - f t .  

K = material conductance - 

2 

BTU f t .  

h r . f t . 2  OF 
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The nex t   r e s i s t ance   encoun te red  w i l l  b e   t h a t   a c r o s s   t h e  metal- 

to-meta l   in te r face   o f   the   mount ing   b lock   to   the   hea t   p ipe   and  w i l l  be  

c a l c u l a t e d  as  a m e t a l - t o - m e t a l   i n t e r f a c e   i n  a vacuum by  the   fo l lowing  

equat ion  : 44 

(&ed).@ ~ 1 0 - ~ + 1 6 ) * ~ ~   ( ~ ~ x l O ~ + l O ) ~ ' ~  
- 

RCV - 3 d F (Pa)G (SF) 
e 

(3x10 ) (8.9xO.le ) 

where - - 
RCV 

'a - 
d =  

- 

sf - 
- 

t h e r m a l   c o n t a c t   r e s i s t a n c e ,  OF f t .  / w a t t  

a p p a r e n t   c o n t a c t   p r e s s u r e ,   p s i  

dis tance  between  c lamping  points ,   inches 

s u r f a c e   f i n i s h  of l ower   y i e ld   po in t   su r f ace ,  p i n .  

i n i t i a l   y i e l d   p o i n t   o f  material on   ho t   s ide   o f  
i n t e r f a c e ,   p s i  

i n i t i a l   t o t a l   f l a t n e s s ,   i n .  

1..8 + 0.034 Pa, a t  con tac t   p re s su res   above  30 p s i  

1.0 fo r   su r f ace   f i n i shes   be tween   12   and  46 micro-inches.  

2 

C a l c u l a t e d   v a l u e s   f o r   t h e   t h e r m a l   r e s i s t a n c e s   i n t o   h e a t   p i p e s  

42 give  extremely low v a l u e s ;   t h e s e   h a v e   n o t   b e e n   b o r n e   o u t   i n   p r a c t i c e .  

A conserva t ive   va lue   o f  .5'F i n .  / w a t t  w i l l  be  assumed f o r   t h e   e v a p o r a t o r  

end  and  .02"F i n .  /watt  for   the   condenser   end .   These   cover   losses   th rough 

the   con ta ine r  w a l l  and   t he   f i lm   r e s i s t ance   fo r   e i t he r   vapor   o r   condensa te .  

2 

2 

Tota l   thermal   res i s tance   o f   any   conf igura t ion   can   be   seen   to   be  

l i n e a r   w i t h   i n p u t .   T h i s  i s  shown  by the   equat ions   and   the  test r e s u l t s  

w i th   s imu la t ed   l oads   on   hea t   p ipes   i n   F igu re  6-3 and  Figure 6-4. 
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The i n d i v i d u a l   t h e r m a l   r e s i s t a n c e s  are t a b u l a t e d   b e l o w   f o r   t h e  

Nd:YAG r o d   t o   s p a c e   r a d i a t o r :  

Indium j o i n t  = .1 OF/watt 

Niobium block  = 1.76  "Flwatt  

B lock   t o   hea t   p ipe  = 1.08 OF/watt 

Vapor  end  of p i p e  = .36 OF/watt 

Liquid  end  of  pipe = N i l  

P i p e   t o   r a d i a t o r   i n t e r f a c e  = .65 OF/watt. 

For   purposes   o f   the   ca lcu la t ions  i t  i s  assumed t h a t   f o r  a l l  c a s e s ,  

one   ha l f   o f   t he   t he rma l   ene rgy   d i s s ipa t ed   t h rough   t he   hea t   p ipe  is generated 

i n   t h e   r o d   a n d   o n e   h a l f  is energy  leakage  into  the  niobium  block  f rom  the 

she l l .   Thus ,   in   ca lcu la t ing   the   t empera ture   d i f fe rence   be tween  rod   and  

r ad ia to r ,   on ly   one   ha l f  of hea t   p ipe   t o t a l   pas ses   t h rough   t he   i nd ium  and  

n iobium  b lock   res i s tances .  In t h e  lamp pump l a s e r   d e s i g n   p r e s e n t e d   i n  

S e c t i o n  7 ,  t h e   s h e l l   h a s   b e e n   d e s i g n e d   t o   m i n i m i z e   t h i s  unwanted i n p u t ;  

however,  due to   the   c lose   p roximi ty   o f   the   h igh   tempera ture   l amp,  i t  is 

imposs ib l e   t o   e l imina te  i t .  

S i m i l a r  t h e r m a l   r e s i s t a n c e s  are encountered   in   the   cool ing   sys tems 

r e q u i r e d   f o r   t h e  laser pump lamps o r  pump diodes.  We w i l l  n o t   r e p e a t   t h e  

d e t a i l e d   c a l c u l a t i o n   f o r   t h e s e   c a s e s ,  however. 
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6 . 4  D i s s i p a t i o n  of  Energy  by  Radiation 

The s u r f a c e  area r e q u i r e d   t o   r a d i a t e   h e a t   i n t o   s p a c e  a t  a maximum 

v a l u e  w i l l  o c c u r   i f   t h e   e n t i r e   r a d i a t i n g   s u r f a c e   t e m p e r a t u r e  is uniform 

and t h e   r a d i a t i n g   s u r f a c e  is convex o r   f l a t   s o   t h a t   e v e r y   e l e m e n t   o f  i t  

can see a hemisphere  of   direct ions  and no o t h e r   b o d i e s   s u c h   a s   t h e  Sun o r  

o t h e r   p a r t s   o f   t h e   s p a c e c r a f t   c a n   b e   s e e n  by t h e   s u r f a c e .  The minimum 

rad ia to r   a r ea   r equ i r ed   unde r   t hese   cond i t ions  is  then  determined by t h e  

r e l a t i o n :  43 

Q = A o F e T s  
4 

where Q = heat   f low BTU/hr. 

A = a r e a ,   f t .  

0 = Stefan-Boltzmann  Constant, 

2 

1 .732  x BTU 

h r . f t .  ( O R )  
2 4  

Fe = e m i s s i v i t y   f a c t o r  

Ts = source   t empera ture ,  OR. 

When h e a t  is  to   be   d i s s ipa t ed   f rom a concentrated  source,  as 

from the  condenser  end  of a h e a t   p i p e ,   d i s t r i b u t i n g   t h e   h e a t   u n i f o r m l y  

o v e r   t h e   r a d i a t o r   s u r f a c e  is a problem. We w i l l  assume  the  heat  i s  uni- 

formly  dis t r ibuted  a long  the  edge  of  a good conduc t ing   f i n ,  and w i l l  assume 

t h a t   t h e   f i n s   p r o j e c t   o u t   i n   b o t h   d i r e c t i o n s   f r o m   t h e   h e a t   p i p e   i n   t h e   b a s e ,  

and t h a t   r a d i a t i o n  is poss ib l e   f rom  bo th   s ides   o f   t he   f i n s .  
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To de termine   the  exact v a r i a t i o n  i n  t empera tu re   a long   t he   f i n  

outward   f rom  the   base   requi res   so lu t ion   of  a n o n - l i n e a r   d i f f e r e n t i a l  

equat ion   conta in ing   an   express ion   wi th   the   4 th  power of   the  temperature .  

An a t tempt   has   therefore   been  made t o   s i m p l i f y  the s o l u t i o n  by assuming 

l i n e a r i t y   o v e r  a small temperature   range.  45 

The base   t empera tu re   o f   t he   f i n  w i l l  be  a known va lue   and   the  

temperature  a t  t h e   o u t e r  end  assumed.  Then  an  average  can  be  determined 

and a l inea r   exp res s ion   i nco rpora t ing   emis s iv i ty   and   r ad ian t   hea t   f l ow 

p e r   u n i t  area can  be  der ived.   This  term would be   equ iva len t   t o   t he  con- 

v e c t i o n   f a c t o r   i n   t h e   l i n e a r   f i r s t   o r d e r   d i f f e r e n t i a l   e q u a t i o n  case which 

i s  so lvab le .  

This  approximation is usab le   i f   t he   base   t empera tu re   r ema ins  

cons t an t ,   t he   r ece ive r   t empera tu re  is f ixed ,   and   t he re  is n e g l i g i b l e  

t empera tu re   d rop   ove r   t he   l eng th   o f   t he   f i n .  The f i n   e f f i c i e n c y  as  a 

func t ion   o f   t empera tu re   base   excess   ve r sus   f i n   t h i ckness   and   he igh t   can   be  

determined  and  plot ted as i n   r e f e r e n c e  ( 4 5 ) .  Figure  6-6 shows t h e   r a d i a t i n g  

f i n   c o n f i g u r a t i o n  w e  have  assumed.  Additional  assumptions  and  l imitations 

are : 

1. The hea t   f l ow is s teady .  

2. The f i n  material is homogeneous. 

3 .  The c o e f f i c i e n t  of h e a t   t r a n s f e r  is based  on  an  average 
o v e r   t h e   t o t a l   f i n .  

4. The r e c e i v e r  is a t  a cons tan t   t empera ture .  

5. There are no   t empera tu re   g rad ien t s   a long   t he   f i n   o the r  
t han   a long   t he   he igh t .  

6. There is no r e s i s t a n c e   t o   f l o w   o f   h e a t   i n t o   t h e   f i n ,  
and t h e r e  are no h e a t   s o u r c e s   w i t h i n   t h e   f i n .  
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7. There is a n e g l i g i b l e  amount o f   h e a t   t r a n s f e r r e d  by 

r ad ia t ion   f rom  the   ends   and   edges   o f   t he   f i n .  The sides 
o f   t h e   f i n  are t h e   s u r f a c e s   t h a t   d i s s i p a t e   h e a t  by 
r a d i a t i o n .  

D i s s ipa t ing  
Areas 

F igure  6-6. Radia t ing   F in   Conf igura t ion  

Using  these  assumptions w e  f i n d   t h a t  45 

r l =  tanh mb 
mb 

q = € i n   e f f i c i e n c y  

b = f i n   h e i g h t ,   f t .  

hr = h e a t   t r a n s f e r   c o e f f i c i e n t  by r a d i a t i o n  

BTU/€ t .2  h r . / "F  

K = t he rma l   conduc t iv i ty   o f   f i n  material, 

BTU/hr.  f t. " F / € t .  
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The e f f i c i ency   cu rve   p lo t t ed   f rom  equa t ion  (6-6) is shown i n  

F igu re  6-7. I f   t h e   c o n f i g u r a t i o n   h a s   a n   e f f i c i e n c y   o f   6 5   p e r c e n t ,  w e  can 

cons ide r   65   pe rcen t   o f   t he   t o t a l   ex t ended   su r f ace   t o   be   ope ra t ing  a t  t h e  

base  temperature .  

6.4.1 Laser  Rod Heat D i s s i p a t i o n  

We can now c a l c u l a t e   t h e   r a d i a t i o n   c o o l e r  area and  weight   required 

t o   d i s s i p a t e  waste h e a t   i n t o   s p a c e .   C o n s i d e r   f i r s t  a one-watt   potassium  arc  

lamp pumped s p a c e   q u a l i f i e d  Nd:YAG laser. I n   S e c t i o n  8 w e  w i l l  d e s c r i b e  

the   des ign  of such a laser. This   des ign   main ta ins   the  laser rod a t  68°F. 

An es t imated  3 watts of   hea t  is g e n e r a t e d   i n   t h e  laser rod,   and  an  es t imated 

1 2  watts o f   h e a t   l e a k s   i n t o   t h e  laser rod  mounting  block  from  the lamp and 

pump c a v i t y   r e f l e c t o r s .  In Sect ion  6 .3 ,  w e  have   e s t ima ted   t ha t   t he   t he rma l  

d r o p   i n   t r a n s p o r t i n g   h e a t   f r o m   t h e   r o d   t o   t h e   h e a t   p i p e   i n t e r f a c e  is 1.86 

OF/watt o r   6 .5  OF €or  3 watts, and   tha t   the   thermal   d rop   f rom  the   in te r face  

i n t o   t h e   h e a t   p i p e   a n d   o n   t o   t h e   r a d i a t i o n   c o o l e r  is 2.49  OF/watt  or  37.4 "F 

f o r  15 watts. The temperature  a t  t h e   f i n   b a s e   i n   t h e   r a d i a t i o n   c o o l e r  must 

be   then  417 OR. 

I f  w e  then  assume t h e   b a s e   t e m p e r a t u r e   t o   b e  417 OR, t h e   o u t e r  

f i n  end  temperature   to   be 397 OR, a n d   t h e   f i n   e m i s s i v i t y   f a c t o r   t o   b e   0 . 9 ,  

t he   a r i t hme t i c   ave rage   can   be   ca l cu la t ed  r 

= A =  4 
hr AT ' Fe Ts 
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Figure 6-7. E f f i c i e n c y   o f   l o n g i t u d i n a l   f i n  of 
r e c t a n g u l a r   p r o f i l e .  
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where T1 = t h e   f i n   b a s e   t e m p e r a t u r e  

T, = t h e   f i n   t i p   t e m p e r a t u r e .  

We g e t  

L 

- 

hr 

Assuming 

h r . f t . 2   " F / f t .  and 

= 0.105. 

t h e   f i n   t o   b e  made of 

t h e   f i n   t h i c k n e s s ,  6 ,  

6061T6 aluminum wi th  K = 90 BTU/ 

to   be  0 .125  inches 

m = 0.473. 

Assuming t h e   f i n   h e i g h t ,  b = 1 2   i n .   i n   e q u a t i o n  (6-6), 

rl = 0.93  

Rearranging  equat ion  (6-5) ,   the  area r e q u i r e d   f o r   1 5  watts d i s s i p a t i o n  

using a 0 . 9 3   e f f i c i e n c y   f a c t o r   f o r  417 OR base  temperature  is 1.1 f t .  
2 

The f i n   l e n g t h   r e q u i r e d   f o r   t h e   r e q u i r e d  area from  the two s i d e s  of t he  

two f i n s  i s  3 . 3   i n .  

The weight  of  such a s p a c e   r a d i a t i o n   c o o l e r  a t  the  condenser end 

o f   t he   hea t   p ipe  would  be  about 0.9 pounds .   Fur ther   ca lcu la t ions  show t h a t  

a l i g h t e r   w e i g h t   b u t   l a r g e r   s i z e   r a d i a t i o n   c o o l e r   c a n   b e  made using  0.62 

inch   f ins .   Choice   o f   the  optimum t radeoff   depends   upon  the   appl ica t ion  

and v e h i c l e   i n  which  the laser is mounted. 
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By t h e  same technique,  i t  can   be  shown tha t   a tperdpt ing   to  

o p e r a t e   t h e   r o d  a t  cryogenic   temperatures ,  as an  example 77 OK (138 OR), 

would no t   be   f eas ib l e   f rom a s i z e  and  weight   s tandpoint   without  a mechanical 

coo l ing   un i t   o f  some type.  A s  an  example, i f  w e  assume  the same approximate 

d i s s i p a t i o n   ( r o d   l o s s e s  w i l l  probably  decrease  but  lamp l e a k a g e   i n t o   t h e  

mounting  surface  would  increase) ,   the  same approximate   thermal   res i s tance  

l o s s   c o u l d   b e   a n t i c i p a t e d .  With t h e   i n i t i a l   r o d   t e m p e r a t u r e   t o   b e  main- 

t a ined  a t  138 OR, a 43 OF l o s s   t o   t h e   b a s e  of t h e   r a d i a t i n g   f i n s   c o u l d   b e  

e x p e c t e d .   T h u s ,   f o r   t h e   i n i t i a l   c a l c u l a t i o n ,  l e t ' s  assume the.complete 

r a d i a t i v e   d e v i c e  is a t  138" - 43" = 95 O R .  The minimum r e q u i r e d   s u r f a c e  

area would  then  be : 

This,   of  course,  assumes t h a t   t h e   f i n  was a t  uniform  temperature;  

cons ider ing  l o s s  of f i n   e f f i c i e n c y   d u e   t o   c o n d u c t i o n   l o s s e s   t o   o u t e r   p a r t s  

o f   t h e   f i n   o r   f i n s ,  i t  would   be   r id icu lous   to   a t tempt   main ta in ing   the   rod  

a t  77 OK without  some type  of   mechanical   cryogenic   cooler .  We must  then 

conc lude   t ha t   t he  good laser performance  achievable   by  operat ing  the laser 

rod a t  77 OK i s  not   wor th   the   added   weight   requi red   to   d i ss ipa te   the  waste 

energy   in to   space .  
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6.4.2  Potassium Arc Lamp Heat D i s s i p a t i o n  

The potassium arc lamp is  ope ra t ed  a t  a very   ho t   t empera ture  

(1200 OF) and is only   cooled   by   rad ia t ion .   This   hea t  shows  up i n   t h e  

laser pump c a v i t y   r e f l e c t o r s .  The r e f l e c t o r s  may be   opera ted  a t  a high 

temperature  and still  p e r f o r m   s a t i s f a c t o r i l y .  The waste hea t   f rom  the  

pump lamps  can,  thereby,  be removed from a high  temperature   source,  

g rea t ly   r educ ing   t he   r ad ia t ion   coo le r   r equ i r emen t s .  

The r a d i a t i v e   d i s s i p a t i o n   d e v i c e   r e q u i r e d   f o r   t h e  lamp r e f l e c t o r s  

c a n   b e   c a l c u l a t e d   a s   p r e v i o u s l y  shown for   the   condenser  end  of t h e  laser rod 

hea t   p ipe .   In   the   case   o f   the  lamp waste h e a t ,  w e  assumed t h a t   t h e   b a s e  

tempera ture   o f   the   f in  is 600 OF or  1060 O R  and the   dev ice   mus t   r ad ia t e   150  

watts t o   t h e   i n t e r i o r   o f   t h e   s p a c e c r a f t   w h i c h  would be  assumed t o   b e  a t  

70 OF o r  530 O R  o r   t o   s p a c e   a t  0 OR. Some fo rm  f ac to r   and   t o t a l   emis s iv i ty  

of sou rce  and r e c e i v e r  must be  assumed.  For  our  purpose,  assume F = 0.9 

and F = 0.8. 

a 

E 

Again, a f i n  w i l l  be  assumed  to  project   from  each  side of t h e  

laser   hous ing   wi th   rad ia t ion   poss ib le   f rom  both   s ides  of each   f in .  

Assuming a l l  o f   t h e   f i n   a t   t h e   b a s e   t e m p e r a t u r e ,   t h e  area 

requ i r ed  is 

A = .346 f t .  2 

If w e  assume the   base   t empera ture   to   be   1060 OR a n d   t h e   o u t e r   f i n  

end  temperature   to   be 1040 O R ,  t he   average   h r  can be  determined. 
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- 
hr = 2.74 BTU/hr.ft. / OF 

2 

Assuming a f i n   o f  .125" t h i c k  6061TG aluminum,  and b = 6" long,  

A g a i n ,   t h e   t o t a l   f i n   s u r f a c e  w i l l  b e   t h e  two s i d e s  of t h e  two 

f i n s ,   e a c h   w i t h  a he ight   o f  6" ex tending   a long   the  lamp a x i s  a d i s t a n c e  

L = 3 inches.  The we igh t   o f   t he   f i n s  would be  approximately . 4 4  l b s .  

Op t imiza t ion   wou ld   be   poss ib l e   a f t e r   t he   f i na l   pos i t i on   and   conf igu ra t ion  

were known. 

6.4.3 Diode  Array Heat D i s s i p a t i o n  

To assume a d iode  pumped laser ope ra t ing   w i th  1% ef f i c i ency   and  

one watt output  w i l l  r e q u i r e   t h a t  90 watts of   thermal   energy   be   d i ss ipa ted  

f rom  the   d iode   a r ray .  We could  assume a h e a t   p i p e  is  u t i l i z e d   t o  remove 

the  energy  from  the  immediate area of t h e   a r r a y   t o   s u c h  a p o i n t   o u t s i d e  

the   spacec ra f t   where  i t  w i l l  b e   u l t i m a t e l y   d i s s i p a t e d   b y   r a d i a t i o n .  

I f  i t  i s  d e s i r a b l e   t o   m a i n t a i n   t h e   a r r a y  a t  20 O C  (68 OF), i t  could  be 

assumed t h a t  res is t ive l o s s  i n t o   a n d   o u t  of t h e   h e a t   p i p e  would  be similar 

to   t hose  shown p rev ious ly   fo r   t he   ca se   r equ i r ing   ma in tenance  of t h e  laser 

rod a t  20 O C  f o r   t h e  lamp  cooled  version. The h e a t   p i p e   r e q u i r e d  would 

be   s ign i f i can t ly   l a rge r   t han   t he   1 /4"   d i ame te r   un i t   a s sumed   be fo re ,  

p o s s i b l y  as much as 5/8"  diameter   and  f i l led  with  anhydrous ammonia. 
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The minimum requ i r ed  area t o   d i s s i p a t e   t h e  90 watts, assuming 

a l l  o f   t he   ex t ended   r ad ia t ing   su r f ace   a t t ached   t o   t he   condense r  end  of t h e  

h e a t   p i p e  is  o p e r a t i n g  a t  the   base   t empera ture ,  is as fo l lows:  

A =  Q 4 
Fe Ts 

Assume Fe = .9 

Assume Ts = [ 460  + 681 - 60 OF r e s i s t a n c e  loss 

Ts = 468 O R  

Q = 90 watts 

90  (3.414) 307 A = " -  
( 1 . 7 3 2 ~ 1 0 - ~ )   ( . 9 )   ( 4 6 8 ) 4   1 . 5 6 ~ 1 0 - ~ ( 4 8 . 0 ~ 1 0  ) 

- - 
9 

307 - 4 .1  f t .  
75 

2 A = - - - "  

Assuming t h e  same a v e r a g e   r a d i a t i o n   t r a n s f e r   c o e f f i c i e n t  as used i n   t h e  

de t e rmina t ion   o f   € in   s i ze   and   e f f i c i ency   fo r   t he   p rev ious ly   de t e rmined  

laser r o d   d i s s i p a t o r  , 

- 
= .1425 BTU/hr.ft. / OF. 

2 
hr 
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Assuming f i n s   e x t e n d i n g   o u t  24 inches  on e a c h   s i d e   o f   t h e   h e a t   p i p e  

condenser  end  and  constructed of 3/16"  thick 6061T6 aluminum,  then 

r n =  K 6  187 90 (L 1 2  

m = d 2 0 4  = .452 

w i t h   b ,   t h e   f i n   h e i g h t   e q u a l   t o  24 inches ,  

mb = .452 (2.0) = .904 

tanh mb = .7183 

e f f i c i e n c y  rl = - = -795 .7183 
.904 

The t o t a l   f i n   s u r f a c e   r e q u i r e d  would  be  the two s i d e s  of t h e  two f i n s ,  

each  of  height two f t .  and  extending  a long  the  heat   p ipe a d i s t a n c e  L. 

4 . 1  f t .  2 
so , 2 [ 2 ( 2 . 0  f t . ' L ) I  = .795 

8.0 ft:L = 5.16 f t .  2 

L = .645 f t .  = 7.74  inches.  

The we igh t   o f   t h i s   s imp le   r ad ia t ion   sys t em would be  approximately  14.2 

lb s .   Op t imiza t ion  could p r o b a b l y   d e c r e a s e   t h i s  t o  1 0   l b s .  
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L 

Diode  arrays  might   be  operated a t  lower  temperatures  than 20 O C .  

We have   cons ide red   t he   e f f ec t  of such  lower  temperature   operat ion  on  the 

r ad ia t ion   coo le r   u s ing   t he   me thods   o f   t h i s   s ec t ion .  

The r e l a t i v e   r a d i a t i o n  area requi rements   for   100  watts d i s s i p a t i o n  

as a funct ion  of   temperature  are shown i n   F i g u r e  6-8. The lower  curve,  

Curve 1, is b a s e d   o n   t h e   c o n d i t i o n   t h a t   t h e   t o t a l   r a d i a t i n g  area is ope ra t ing  

a t  t h e  same tempera tu re ,   t he   base   i npu t   t empera tu re .   Th i s   s i t ua t ion  would 

be   cons ide red   100%  f in   e f f i c i ency   s ince   t he   who le   f i n  is a t  t h e  maximum 

poss ib l e   t empera tu re .   Th i s  i s ,  of course ,   no t   ob ta inable   in   any  real 

s i t u a t i o n ,   s i n c e   t o   h a v e  no temperature   drop  outward  f rom  the  input   f lux 

po in t  would r e q u i r e  a f i n  of i n f i n i t e   t h i c k n e s s   o r  a material of i n f i n i t e  

conduction.  Curve 2 represents   what   could   reasonably   be   expec ted   in   an  

a c t u a l   s y s t e m   w i t h   r a d i a t i v e   f i n s   c o n s t r u c t e d  0 7  a good metallic conductor 

such as aluminum  and w i t h  minimum weight as a c r i t e r i a .  

It can   be   s een   f rom  the   cu rves   t ha t   t he re  are v e r y   p o s i t i v e   s i z e  

(and  weight)   advantages  for  a dev ice   t ha t   can   be   ope ra t ed  a t  some reasonably 

high  temperature ,   preferably  above 0 OF. This   curve  can  be  roughly  converted 

to   rad ia t ion   cooler   weight   by   assuming  1 /8"a luminum  for   the   f ins   which  

w e i g h s   1 . 7 5   l b s l f t .  
2 
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Figure 6-8 Radiating  Surface Area Required to  Dissipate 100 Watts as a Function of 
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Than 100% Fin  Efficiency Due to  Conduction Losses From Input  to  Outer  Fin 
Surfaces. 
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Sec t ion  7 

MODE LOCKING OF !CKE SPACE WALIFIED ND:YAG LASER 

A s  p o i n t e d   o u t   b e f o r e ,  the s p a c e   q u a l i f i e d  Nd:YAG laser w i l l  b e  

a low g a i n   d e v i c e .  The r e q u i r e m e n t   f o r   g e t t i n g   e f f i c i e n t   o p e r a t i o n  is t o  

have minimum o p t i c a l  loss i n  the laser c a v i t y .   T y p i c a l   t e c h n i q u e s   f o r  mode 

locking  Nd:YAG lasers u t i l i z e   i n t r a c a v i t y   m o d u l a t o r s   w h i c h   i n t r o d u c e  as 

much as two o r   t h r e e   p e r c e n t   s i n g l e   p a s s   l o s s .   I n   F i g s .  3-13 and 4-9 we 

showed t h e  bad e f f e c t  of l o s s   o n  laser e f f i c i e n c y .   I n   p a r t i c u l a r ,  modu- 

l a t o r s   t h a t   u t i l i z e   e l e c t r o - o p t i c   c r y s t a l s   l i k e  LiNbO are bad.  These 

modulators may show less than   one   pe rcen t   l o s s   ex t e rna l   t o   t he  laser, but  

t y p i c a l l y  show more than  two p e r c e n t   l o s s   i n t r a c a v i t y   w i t h  laser power 

c i r c u l a t i n g   t h r o u g h  them. 

3 

T h e r e f o r e ,   d i f f e r e n t  low l o s s   t e c h n i q u e s  m u s t   b e   u t i l i z e d   f o r  

mode lock ing   t he   space   qua l i f i ed  Nd:YAG laser. We w i l l  c o n s i d e r   t h r e e  

candidates   below.  

1) Laser Opt ica l   Length   Var ia t ion  - Targ  and  Xassey , and, 

independent ly  , Henneberger  and  Schulte4-l  have  succeeded i n  mode-locking 

H e N e  lasers by v i b r a t i n g   o n e  of t h e  end m i r r o r s  a t  the  mode-separation 

frequency,  v = c/2L. The phys ica l   exp lana t ion   i nvo lves   l i gh t   be ing  

Doppler   sh i f ted   ou t   o f   the   bandpass   o f   the  laser o s c i l l a t o r   ( t h e   r e g i o n  

w i t h   g a i n )   u n l e s s  i t  s t r i k e s   t h e   m i r r o r  a t  t h e   z e r o   v e l o c i t y   p o s i t i o n .  

Therefore   the   photons  are bunched,  and mode locked   pu l se s   r e su l t .  

46 

47,48 
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Smith4'  succeeded i n  mode-locking a HeNe laser by slow ( ~ 1 0  cm) 

t r a n s l a t i o n  of one   end   mi r ro r ,   bu t   t h i s  phenomenon seems b a s i c a l l y  a re- 

s u l t  of t h e  HeNe laser's tendency   to   se l f - lock .  

With p a r t i c u l a r   r e f e r e n c e   t o   t h e  Nd:YAG laser, i t  seems both  of 

these  schemes are i n a p p r o p r i a t e :   t h e   m i r r o r   t r a n s l a t i o n  scheme i s  inapp l i -  

c a b l e   s i n c e   t h e  YAG laser has  l i t t l e  tendency t o   s e l f - l o c k ;   t h e   v i b r a t i n g  

mir ror   fa i l s   because   the   mode-separa t ion  is  t y p i c a l l y   f r o m  400 MHz t o  

900 MHz and  the  mirror   excursion  required i s  f a r   l a r g e r   t h a n   t h e  1.4A 

obtained  by  Hennenberger  and S ~ h u l t e ~ ~  a t  59.4 MHz. According  to  McDuff 

and PardueL18, a peak  excursion of 170A would  be  needed a t  1 . 0 6 ~   f o r  re- 

l i ab l e  mode locking .   S ince   mir rors   cannot   be  moved t h a t  fa r  t h a t   f a s t ,  

t h e   v i b r a t i n g   m i r r o r  scheme is  i n a p p l i c a b l e .  

0 

0 

2) Internal   Loss   Modulat ion - High q u a l i t y   f u s e d   q u a r t z  

i s  ava i l ab le   and  i t  can   be   po l i shed   w i th   ex t r eme ly   h igh   qua l i t y   op t i ca l   su r -  

f aces .   Quar t z   r e sonan t   acous to -op t i c   l o s s   modu la to r s   can   be   cons t ruc t ed  

wi th   ve ry   l ow  lo s s ,   t yp ica l ly   a s   l ow as 0.2 p e r c e n t   s i n g l e   p a s s -  The f i r s t  

mode locking  was achieved  with  such a modulator i n  a HeNe laser5', and Nd:YAG 

was f i r s t  mode-locked with  such a modulator . 4 

F ig .  7-1 shows  an  acousto-opt ic   loss  mode locked Nd:YAG l a s e r .  

The loss   modula tor  is o r i en ted  a t  Brewster's a n g l e   t o   p r o d u c e   l o s s   f o r   t h e  

p o l a r i z a t i o n   p e r p e n d i c u l a r   t o   t h a t  of t h e  laser and   t o   ach ieve   l ow  lo s s   fo r  

t h e  laser p o l a r i z a t i o n   a t   t h e   m o d u l a t o r   s u r f a c e s .  The modulator is reso-  

n a n t   a t  1 1 2  (c/2L)  frequency  and  must  be well tempera ture   cont ro l led  be- 

cause of t h e   t e m p e r a t u r e   s e n s i t i v i t y  of t he   acous t i c   r e sonance .  The laser 
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is  mode locked a t  c/2L f requency   s ince  twice per   cycle   the  modulator   shows 

z e r o   b i r e f r i n g e n c e   i n   t h e   o p t i c a l   c a v i t y .   O p t i c a l   p u l s e s   c a n   g e t   t h r o u g h  

t h e s e   g a t e s   i n  time w i t h o u t   s u f f e r i n g   l o s s   d u e   t o   b i r e f r i n g e n t   s h i f t   t o   t h e  

p o l a r i z a t i o n   w i t h  10s-s a t   t h e  Brewster's a n g l e   s u r f a c e s .  

Temperature  control of t he   modu la to r   s ign i f i can t ly   compl i ca t e s  

des ign  of  a space q u a l i f i e d  mode locked laser. F o r   t h i s   r e a s o n  w e  do  not 

recommend t h i s  as t h e   b e s t   c h o i c e   b u t   p r e f e r   t h e  scheme  discussed  next.  

3 )  In j ec t ion   Lock ing  - I n j e c t i o n   l o c k i n g   c o n s i s t s  of i n j e c t i n g  

a s i g n a l   f r o m   o n e   o s c i l l a t o r   i n t o   a n o t h e r ,   w i t h   t h e   r e s u l t   t h a t   t h e   s e c o n d  

o s c i l l a t o r   l o c k s  on t o   t h e   i n j e c t e d   s i g n a l .  It was f i r s t  proposed by Adler 

and t h e o r e t i c a l l y   a p p l i e d   t o   l a s e r s  by  Tang and  stat^^^ and  Siegman . 
Exper imenta l ly ,   S tover   and   S te in54   comple te ly   ver i f ied   the   theory   for   s ing le  

f r e q u e n c y   o s c i l l a t o r s .  

51 

53  

With   r ega rd   t o   mu l t i - f r equency   o sc i l l a to r s ,   such  as Nd:YAG l a s e r  

having many l o n g i t u d i n a l  modes, t h e  work of F o s t e r ,  Ewy and Crumly.55 is  

p a r t i c u l a r l y   i m p o r t a n t .  They  succeeded i n  mode-locking  the HeNe laser by 

r e - i n j e c t i n g  i t s  own l i g h t   a f t e r   f r e q u e n c y   s h i f t i n g  i t  by c/2L i n   a n  ex- 

t e r n a l   c a v i t y .   F i g .  7-2 shows t h e i r   s e t - u p   f o r  Nd:YAG. 

The Bragg acoust ic   modulator  i s  d r i v e n  a t  1 / 2  (c/2L)  frequency. 

A p o r t i o n  of t h e   l i g h t   i n c i d e n t  upon the  modulator is d i f f r a c t e d  by t h e  

t r a v e l l i n g   a c o u s t i c  wave and s h i f t e d   i n   f r e q u e n c y   b y   1 / 2   ( c / 2 L ) .  A m i r -  

ro r   sends   th i s   l igh t   back   th rough  the   modula tor   where  a p o r t i o n  i s  a g a i n  
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d i f f r a c t e d   a n d   s h i f t e d   i n   f r e q u e n c y .  The l i g h t   h a s  now b e e n   s h i f t e d  by 

c/2L  and  each laser mode h a s   s h i f t e d   t o   t h a t  of i ts  nea res t   ne ighbor .  

Some o f   t h i s   l i g h t  is t r ansmi t t ed   t h rough   t he   mi r ro r   back   i n to   t he  laser. 

The r e s u l t  i s  phase   l ock ing   o f   t he   op t i ca l  modes and a mode locked  output 

p u l s e   t r a i n .  The ou tpu t   f rom  the   i n j ec t ion   l ocked   l a se r  i s  t h e   l i g h t  trans- 

mi t t ed  by the   acous t ic   modula tor  cell .  

We w i l l  a n a l y z e   t h i s   t e c h n i q u e   i n  some d e t a i l   i n   o r d e r   t o   u n d e r -  

s t and  i t s  a p p l i c a t i o n   t o   t h e   s p a c e   q u a l i f i e d  Nd:YAG laser. 

Assume a n   i n j e c t e d   f i e l d  E2 e n t e r s   t h e   l a s e r   c a v i t y   t h r o u g h  a 

t r a n s m i t t i n g   m i r r o r  as shown i n   F i g .  7-3.  We assume t h a t   t h e   o r i g i n a l   f i e l d  

c a v i t y  i s  E 1: 

re f  = E re Wave 1 

. (+2+a2) 

. ($ 2+B2> 

i n c  = E eJ 
I n j  ec ted  

2 

t r a n s  = E2TeJ 

where T = t h e  power t ransmiss ion  

= (1-R) = T 2 

R = t he   mi r ro r  power r e f l e c t i o n   c o e f f i c i e n t  

T = t h e   f i e l d   t r a n s m i s s i o n   c o e f f i c i e n t  

r = t h e   f i e l d   r e f l e c t i o n   c o e f f i c i e n t  
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Figure 7-3. In j ec t ion  Locking 



I 

a , B f i x e d   p h a s e   s h i f t s  

$I varies w i t h  time as 2rv t   approximate ly  

The t o t a l   f i e l d   l e a v i n g   t h e   m i r r o r  is: 

E = (E ) ref + (E ) t r a n s  
t 1 2 

or  

E r  1 

- j E T s i n  (0  -8 + B  -6 ) 2 1 2 1 2  - 
Elr 

Thus w e  have  an  in-phase  amplitude  change  caused  by  the  cosine term and a 

quadra tu re -phase   phase   sh i f t   f rom  the   s ine  term. The laser g a i n  is  sa tu-  

r a t e d  in t h e   s t e a d y  s ta te ;  t h u s   g a i n  w i l l  change   to  make t h e  wave ampli- 

t u d e   s t a b l e   n e a r  i t s  o r i g i n a l   v a l u e .  We n e g l e c t   t h e   p h a s e   s h i f t  Af = G 

(E) x AG f rom  th i s   ga in   change  AG, a s suming   t ha t   t he  mode i s  near  

a G  lasers 

l ine  c e n t e r   a n d   t h a t   t h e   l i n e  is  nea r ly   symmet r i ca l .   Thus ,   t he   e f f ec t  of 
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t h e   i n j e c t e d   s i g n a l  is to  produce a s ing le -pass   phase   sh i f t   o f   t he  amount 

Now in   t he   quas i s t a t i c   app rox ima t ion   t he   f r equency  -- - changes  with 

round t r i p   c a v i t y   p h a s e   s h i f t  by t h e   f a c t o r  -- * hence 

2 ~ r  d t  
1 awl 
2a a t  

where v i s  the  unperturbed  resonance  f requency  of   the mode and 10 

awl C 

a +  2L c = v e l o c i t y  of l i g h t  
- = ” L = c a v i t y   l e n g t h  

Thus 

+ 2nv 10 

L e t  O b  = e -8 = beat   phase  1 2  

” deb dB1 de2 de 1 
d t  d t   d t   d t  

- ”- = ”  2av 

Therefore ,  
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L e t  2Tr (w1()-u2) = ud, the detuning  angular   f requency,  

Or v10-v2 - - 'd 

Therefore ,  

This is  A d l e r ' ~ ~ ~   d i f f e r e n t i a l   e q u a t i o n   € o r  phase-coupled   osc i l la tors .  

There is a phase- locked  solut ion  €or  

deb - =  
d t  

when 

Thus, t h e   r e s t r i c t i o n  on locking is  

o r  

p2 > 

p1 T ( c / ~ L ) ~  

2 2  
R 47~ f d  - 
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Consider the in j ec t ion   l ock ing   a r r angemen t   i n   F igu re  7-2. 

I n  terms o f   ou r   ana lys i s ,  

Pou t  = T P1 

2 
l-I Pout  = P2 

where 11 = the   acous t ic   modula tor  power d i f f r a c t i o n   c o e f f i c i e n t .  

S u b s t i t u t i n g   i n t o   e q u a t i o n  (7-2) 

2 2  

T2 (c/2L)’ 

2 R 
11 > -  

47T f d  

Now f d  , the   de tuning   f requency ,   re fe rs   to   the  amount by which twice 

the  acoust ic   modulator   f requency misses the  spacing  between  adjacent  

l o n g i t u d i n a l  modes i n   t h e  laser. Var ious   f requency   pu l l ing   e f fec ts   cause  

the  spacing  between  var ious  near   neighbor  modes t o   b e   d i f f e r e n t ?   d e p e n d i n g  

upon t h e i r   l o c a t i o n   u n d e r   t h e  laser f l u o r e s c e n c e   l i n e .  The half   width  of  

the   c /2L  bea t   f requency   f rom the f r e e   r u n n i n g  Nd:YAG laser g ives  some 

i n d i c a t i o n   o f   t h e   v a l u e   o f   f d  w e  shou ld   u se .   Typ ica l ly ,   t he   ha l f   w id th  

is 300 kHz. A c t u a l l y ,   t h e   w i d e s t   p a r t   o f   t h e   b e a t   n o t e  may be  caused by 

a sma l l  number of o u t s i d e  modes  and t h e   a v e r a g e ,   f d  ? may be  much less 

t h a n   t h i s .  We estimate i t  may b e   a s  small as 50 kHz. 
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We have  considered a one watt  Nd:YAG laser w i t h  a 5% s i n g l e  

pas s   unsa tu ra t ed   ga in   w i th  optimum output   coupl ing  T = 2.2  percent .  The 

a c o u s t i c   d i f f r a c t i o n   c o e f f i c i e n t  q r e q u i r e d   f o r   i n j e c t i o n  mode locking  

h a s   b e e n   p l o t t e d   i n   F i g u r e  7-4 f o r   v a r i o u s   c h o i c e s   o f   f d  as a f u n c t i o n  

of mode locking  f requency c / 2 L .  It shou ld   be   no ted   t ha t   t he   h ighe r   t he  

f requency ,   the  easier i t  i s  t o   i n j e c t i o n  mode lock .   Typica l ly ,  Nd:YAG 

lasers are b u i l t   w i t h   c a v i t y   l e n g t h s   o f   a b o u t  1 2  inches  and  have  c/2L 

f requencies   near  500 MHz. From the   F igu re ,  we estimate t h a t   o n l y  2% 

t o  20%  of t he   ou tpu t  laser power n e e d s   t o   b e   d i f f r a c t e d   t o   i n j e c t i o n   l o c k  

t h e  Nd:YAG laser. A t  h igher   f requencies ,   even  smaller a c o u s t i c   d i f f r a c t i o n  

i s  r e q u i r e d .  A t  low f r equenc ie s   o r   l ong   cav i ty   l eng th  lasers, a l a r g e  

amount  of t h e  laser output   mus t   be   d i f f rac ted .  A t  100 MHz from 16% t o  

100% is r e q u i r e d .  
I 

I 

We should  a lso  ment ion  that   the   low  gain o f  t h e  Nd:YAG laser 

n e c e s s i t a t e s   t h a t  lasers w i t h  low  c/2L  frequencies  cannot  be  folded 

u s i n g   d e l a y   l i n e   t e c h n i q u e s .   M u l t i p l e   r e f l e c t i o n s   o v e r  a s h o r t   p a t h  

d u r i n g   e a c h   l i g h t   r o u n d   t r i p   i n   t h e  laser g r e a t l y   i n c r e a s e   t h e   s i n g l e  

pass  laser loss and as we have  shown, t h e   s p a c e   q u a l i f i e d  Nd:YAG laser 

w i l l  n o t   t o l e r a t e  l o s s .  

We conc lude ,   t hen ,   t ha t   i n j ec t ion   l ock ing   can   be   u sed   t o  mode 

l o c k   t h e   s p a c e   q u a l i f i e d  Nd:YAG laser. High   modula t ion   f requencies   in   the  

300 MHz t o  GHz range  must  be  employed,  however. The s p a c e   q u a l i f i e d  Nd:YAG 

la se r   shou ld   t he re fo re   be   cons ide red   p r imar i ly   fo r  w i d e  bandwidth  systems. 
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SECTION 8 

PRELIMINARY DESIGN  OF THE SPACE  QUALIFIED  Nd:YAG  LASER 

The d e s i g n   s t u d y   t h a t   h a s   b e e n   p r e s e n t e d   i n   t h e   p r e c e d i n g   s e c t i o n s  

p rov ides   u s   w i th   an   unde r s t and ing   o f   t he   bas i c   p r inc ip l e s   i nvo lved   i n  de- 

s ign ing  a s p a c e   q u a l i f i e d  Nd:YAG laser. U t i l i z i n g   t h e   r e s u l t s   o f   t h e   d e s i g n  

s tudy ,  w e  can make a p r o t o t y p e   d e s i g n   f o r   t h e   s p a c e   q u a l i f i e d  Nd:YAG laser.  

We have shown t h a t   o p e r a t i o n  a t  77°K is n o t   f e a s i b l e .  We must,  

t he re fo re ,   conc lude   t ha t   t he   p re sen t   " s t a t e -o f - the -a r t "   i n   i ncohe ren t  semi- 

conductor  diode pumped Nd:YAG is n o t   s u f f i c i e n t l y   d e v e l o p e d   f o r   c o n s i d e r a t i o n  

as a pump s o u r c e   i n  a pro to type .  We choose ,   then ,   the   po tass ium  a rc  lamp 

as t h e  pump source   fo r   ou r   p ro to type   des ign .  We do   r ecogn ize   t he   po ten t i a l  

of room temperature   diode pump sources.   Proper  research  and  development 

e f f o r t   s h o u l d   r e s u l t   i n   d i o d e  pump sources   w i th in  a few yea r s .  We, there-  

fo re ,   r equ i r e   t ha t   t he   t echno logy   o f   ou r  lamp pumped s p a c e   q u a l i f i e d  laser 

d e s i g n   b e   a p p l i c a b l e   t o   f u t u r e   d i o d e  pump requ i r emen t s ,   a l so .  The rod 

cool ing   technology,   compat ib i l i ty   wi th   sun   pumping ,   e tc . ,  w i l l  work  with 

diode pumping as w e l l  as wi th  lamp  pumping. 

I n   t h i s   s e c t i o n  w e  w i l l  p resent   our   p ro to type   des ign  of a potassium 

a r c  pumped s p a c e   q u a l i f i e d  Nd:YAG laser.  This   des ign  is only  on  paper.  I t  

has  been  beyond  the  scope  of  this  program  to do the  development work on   the  

des ign ,   t o   bu i ld  i t ,  and  to  check i t  to   env i ronmen ta l   spec i f i ca t ions .  The 

o r i g i n a l   p l a n  was fo r   t hese   s t eps   t o   be   accompl i shed   du r ing   t he   nex t   phase  

of  the  program. The c los ing   of   the  NASA Elec t ronics   Research   Center   has  
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grea t ly   c louded   the   fu ture   o f   the   p rogram,   however .  We do r e p o r t  a t  t h e  

end  of t h i s   s e c t i o n   o n  some preliminary  experiments  which were performed 

wi th  a breadboard  conductively-cooled laser design.   This   design  has  many 

o f   t h e   c h a r a c t e r i s t i c s   o f   t h e   p r o t o t y p e   d e s i g n   w i t h o u t  some of  the  technolo- 

g i c a l l y - d i f f i c u l t  vacuum seals, etc. 

8.1 ." Laser Design 

8.1.1 Design  Requirements 

Based  upon the   des ign   s tudy  w e  have   repor ted   p rev ious ly ,  w e  

compiled  the  following list of   design  requirements  on which  to  base  our 

p re l imina ry   space   qua l i f i ed  Nd:YAG laser des ign .  

1. 

2. 

3. 

4 .  

5. 

6 .  

7. 

8. 

9 .  

Vacuum i n s u l a t e   t h e   P o t a s s i u m  Arc 

Small  Weight  and  Size 

Conductive  Cooling  to Heat Pipes  and on to   Rad ia t ion  
Coolers  

Laser Rod a t  -2OOC 

Lamp Waste Heat Removal from  High  Temperature  Source 
(-350°C) 

Operable   in   Ear th   Envi ronment   for  Ground  Check-out 

Compatible w i t h  Sun  Pumping 

Ultimately  Compatible  with  Diode Pumping 

Space   fo r   In t r acav i ty   E lemen t s   i n   t he  Laser. 

I n   a d d i t i o n   t o   t h i s  l ist ,  w e ,  o f   course ,   cons idered   the  NASA 

d e s i g n   g o a l s   o u t l i n e d   i n   S e c t i o n  1. 
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8.1.2 Pump Cavity  Design - 

The po ta s s ium  l amp   has   t he   cha rac t e r i s t i c   t ha t  i t s  luminous   a rc  
1 

diameter  is  on ly   -113   o f   t he   i n s ide   bo re   d i ame te r .   Th i s   cha rac t e r i s t i c ,  

coupled  with  conductive  cooling  which  requires  the laser r o d   t o   b e  bonded 

t o  a h e a t   s i n k ,  makes pump cav i ty   des ign   ve ry   d i f f i cu l t .   L ibe rman ,  e t  a l .  

used a la rge   10- inch   d iameter   spher ica l  pump cavi ty   and  water c o o l i n g   i n  

their   experiment   which is  t h e   m o s t   e f f i c i e n t  low power laser t h a t   h a s  

been  reported.  The s p h e r i c a l   c a v i t y  is l a r g e  and   heavy ,   qua l i t i e s   t ha t  

are u n a t t r a c t i v e   f o r   t h e   s p a c e   q u a l i f i e d  laser .  Conduct ive  cool ing  a lso 

d i s r u p t s   t h e  pumping a r r angemen t   o f   t he   sphe r i ca l   cav i ty ,   r educ ing  i ts  

e f f i c i e n c y .  

I 

An e x f o c a l   e l l i p t i c a l   c y l i n d e r  pump cavi ty57  with  the  rod 

mounted on a h e a t   s i n k  a t  the  end  of t h e   e l l i p s e  is  a p o s s i b i l i t y .  The 

small luminous arc of  the  potassium lamp  must be  mounted a t  t h e   o p p o s i t e  

end  of t h e   e l l i p s e ,  however.  The e l l i p t i c a l   c y l i n d e r  and the  lamp j a c k e t  

i n t e r s e c t   u n l e s s  a cy l inde r  is removed a t  t h e   e l l i p s e  end t o  accommodate 

the  lamp.  Such a c y l i n d e r   t r a p s  much o f   t h e   l i g h t   a n d   r e d u c e s   t h e   e f f i -  

c i ency   o f   t he   ex foca l   e l l i p se .  

A f t e r   c o n s i d e r i n g   t h e   a b o v e   a n d   o t h e r   p o s s i b i l i t i e s ,  w e  chose  the 

s imple  c lose-coupl ing  plus  a condensing wedge approach shown i n   t h e   l a y o u t  

drawing  of  Figure 8-1. Ray t r a j e c t o r i e s   i n   t h i s   c a v i t y   l e a v e   t h e  small 

luminous arc  and a f t e r  a few r e f l e c t i o n s  end up i n   t h e  laser rod.  The r a t i o  

of laser rod   to  pump c a v i t y  volume  has  been  kept as h igh  as p o s s i b l e   t o  

maximize  the  probabili ty  of  reaching  the  rod. 
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Figure 8-1 Space Qualified Nd:YAG Laser Layout Drawing 



8.1.3 Pro to type  Lamp Pumped Laser Design 

Figure  8-1 a l s o  shows o the r   fundamen ta l   f ea tu re s  of t h e   f i n a l  

des ign .  A vacuum is m a i n t a i n e d   i n   t h e  pump cav i ty .  The ends  of  the laser 

rods  are o u t s i d e   t h e  vacuum w i t h   t h e  vacuum seal a t  the  rod  ends.  The rod 

mounts  onto a niobium  heat  sink.  The  niobium i n   t u r n  is b razed   t o  a t h i n  

w a l l e d   s t a i n l e s s  s t ee l  vacuum jacke t   which   suppor ts   the  pump cavi ty   and  

t h e  lamp. The pump c a v i t y   r e f l e c t o r s  are maintained a t  a high  temperature  

(-350°C). The t h i n   w a l l e d   s t a i n l e s s  s t ee l  is designed  to   minimize  heat  

f low (12 wat t s )   f rom  th i s   h igh   tempera ture   source   in to   the   n iobium  hea t  

s i n k .  Heat from  the  high  temperature  pump c a v i t y   r e f l e c t o r s  i s  t r a n s f e r r e d  

t h r o u g h   t h e   t h i n   w a l l e d   s t a i n l e s s  s t ee l  wall t o  a hea t   conduct ing   b lock  a t  

the  top  (not   shown).  Heat from  the  niobium laser rod  mounting  block i s  

conducted  to  a c y l i n d r i c a l   h e a t   p i p e   ( n o t  shown). D i f f e r e n t i a l   t h e r m a l  

expansion  between  the Nd:YAG laser rod   and   t he   s t a in l e s s  steel envelope 

is accommodated  by bel lows a t  each  end  of  the  rod seals. A f u t u r e   d i o d e  

pumped laser would  dispense  with  the vacuum jacke t   and  would  use a smaller 

pump c a v i t y .  The rod  cooling  arrangement i s  i d e n t i c a l   t o  what  would be  

used   for   d iode  pumping. 

Based  upon t h i s   l a y o u t   d e s i g n ,  a complete set of  design  drawings 

were p repa red   fo r   t he   p ro to type  lamp pumped s p a c e   q u a l i f i e d  Nd:YAG laser. 

The assembly  drawing  for   the laser is shown i n   F i g u r e  8-2,  and the  drawing 

of t h e  pump cavi ty   assembly i s  shown i n   F i g u r e  8-3. To i n s u r e   c o m p a t i b i l i t y  

with  sun  pumping,  the pump c a v i t y  w a s  des igned   wi th  a cone  condenser  for 

end sun pumping at tached.   This   arrangement  is similar t o   t h a t   b e i n g  

developed  on A i r  Force  Contract  F33615-70-C-1255 f o r  Sun  Pumping Nd:YAG. 
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Figure  8-2. Assembly  Drawing of Space  Qualified 
Nd:YAG Laser .  



Figure  8-3. Pump Cavi ty  Assembly Drawing of Space  Qual i f ied Nd:YAG Laser. 



One of   the  laser mi r ro r s  is  a t t a c h e d   t o   t h e  end of the  cone.  For a non- 

d u a l  pumped laser, t h e   d e s i g n  becomes symmetrical and  both  ends  of   the 

pump cavi ty   and  the laser o p t i c a l   c a v i t y  are made i d e n t i c a l .  

This  laser has   been  designed  with a 2 mm diameter  Nd:YAG rod 

30 mm long.   The  s ingle   pass   unsaturated laser gain  has   been  chosen a t  

5% t o   i n s u r e   r e l i a b i l i t y .  The des ign   has  a potassium-mercury arc lamp 

wi th  a r a t e d  power of 150 watts. Recent  success a t  ILC Corporat ion  with 

pure  potassium  which  operates  with a DC supply   changes   th i s  lamp choice.  

The P f o r   t h e  lamps w i l l  be  23 wa t t s  as  shown i n   F i g u r e  3-8. 
0 

The t h e o r e t i c a l   o p e r a t i n g   c h a r a c t e r i s t i c s   o f   t h i s  laser as a 

func t ion  of d i s s i p a t i v e  l o s s ,  o? were shown i n   F i g u r e  3-13. Without  any 

i n t r a c a v i t y   d e v i c e s ,   t h e   e x p e c t e d   d i s s i p a t i v e  l o s s  i s  0.006. The expected 

laser performance i s  then -1 watt a t  -0.7 p e r c e n t   e f f i c i e n c y .  

0’ 

The m i r r o r s   f o r   t h e  laser are  chosen   wi th   the   long   rad ius  

c a v i t y   c o n f i g u r a t i o n .  The c a v i t y   l e n g t h  of -25 c m  and a l i m i t i n g   a p e r t u r e  

of 1.5 mm r e s u l t   i n  a F resne l  number of - 2  which  allows good d i sc r imina t ion  

f o r  TEMoo mode operat ion.58  Operat ion  of   the laser i n   t h e   c o n d u c t i v e l y  

cooled   Car tes ian   t empera ture   g rad ien t   a r rangement   should   s impl i fy   thermal  

focus ing   problems  and   a l low  re l iab le  TEMoo mode ope ra t ion .  The l i n e a r  

t empera tu re   g rad ien t  w i l l  produce a p r i s m   e f f e c t   i n   t h e  laser rod,  however. 

3 
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The laser w i l l ,  therefore ,   need   to   be   a lways   opera ted  a t  t h e  

same ou tpu t  power l e v e l   f o r   f i x e d   m i r r o r   a d j u s t m e n t s .   E l e c t r o n i c   m i r r o r  

a d j u s t m e n t s   c a n   b e   p r o v i d e d   i f   v a r i a t i o n   i n  laser ou tpu t  power i s  d e s i r e d .  

We have   chosen   f ixed  power l e v e l  opera t ion   wi th   locked  down mechanical 

mir ror   ad jus tments .  The  power supply  has   been  chosen  to   have  s tepwise 

v a r i a b l e   i n p u t  powers t o  the potassium arc lamp.   This   a l lows  f ine 

adjustment   of   the  laser t o   t h e   d e s i r e d   o p e r a t i n g   o u t p u t  power level. 

8 .1 .4  Power Supply  Design 

Development of the  pure  potassium arc lamp  by ILC h a s   g r e a t l y  

s i m p l i f i e d   t h e  power supply  requirements .  A s i m p l e   c u r r e n t   c o n t r o l l e d  

DC supply  with some r e m o t e   c o n t r o l   f e a t u r e s  is a l l  t h a t  is requ i r ed .  

A block  diagram  of   the  supply  and i t s  i n t e r f a c e   w i t h   t h e   s p a c e c r a f t  

and t h e  laser is  shown i n   F i g u r e  8-4. Telemetry  information  of  power 

supply   cur ren t   and   vo l tage   and  laser output  power are suppl ied .  Command 

func t ions  are on-o f f ,   cu r ren t   s t ep   i nc rease   and   cu r ren t   s t ep   dec rease .  

The  power s u p p l y   d e s i g n   i t s e l f  is e s s e n t i a l l y   i d e n t i c a l   t o  

t h a t  of t h e   s p a c e   q u a l i f i e d  C02 laser .59 Ins tead   of  a laser tube ,   the  

supply is f o r   a n   a r c  lamp. It must  perform  the same funct ions ,   except  

a t  a lower  vol tage.  The func t ions   r equ i r ed   o f   t he  power supply are: 

1. Automatic   s tar t ing  of   the  lamp 

2 .  C u r r e n t   r e g u l a t i o n  

3 .  C u r r e n t   l e v e l  set 

4 .  Telemet ry   ou tpu t s   fo r   cu r ren t   and   vo l t age .  
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Table: 8-1 lists t h e  power supp ly   spec i f i ca t ions   r equ i r ed   t o   d r ive  

the  potassium  lamp. The  power s u p b l y   d e s c r i b e d   i n   t h e  rest of t h i s   s e c t i o n  

uses   va r i ab le   f r equency   con t ro l   and   va r i ab le   pu l se   w id th   w i th   f l yback   vo l -  

t a g e   c o n v e r s i o n   t o   o b t a i n   r e g u l a t e d   o u t p u t  and h igh   e f f i c i ency   ove r  a wide 

range  of   output  power. 

The input-to-output  power-conversion  efficiency  of  conventional 

i n v e r t e r s  is t y p i c a l l y  70 t o  80 pe rcen t  a t  f u l l   o u t p u t  power, bu t   d rops  

o f f  a t  less t h a n   f u l l   o u t p u t  power d u e   t o   f i x e d   l o s s e s   i n   t h e   d r i v e  and 

c o n t r o l   c i r c u i t s .  The  power supply   descr ibed   here   uses  less than  one 

pe rcen t  of i t s  output  power in   t he   un loaded   cond i t ion .  The o v e r a l l  

e f f i c i e n c y  is g rea t e r   t han   80   pe rcen t   ove r  a wide  range of ou tpu t  power. 

Table  8-1. 

Power Supp ly   Spec i f i ca t ions   fo r  
Space  Qual i f ied Nd:YAG Laser 

1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

8. 

Input  Voltage 28 VDC f 4 V 

Output  Voltage Maximum  500V 
Operating - 50V 

Output  Current - 3  amps 

Current   Regulat ion ?5% 

Current   Adjust  Step  adjustment  from 2 amps 
t o  4 amps i n  0.2 amp s t e p s  

Ripple  Less than  .01% r m s  

Telemetry  Output  (voltage 0-5 VDC 
and c u r r e n t )  

S t a r t i n g  Overvo l t age   capab i l i t y   t o   be  
p r o v i d e d   u n t i l  lamp draws  current .  
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POWER 
MONITOR 

T3 

Telemetry 

T1 - Current  

T2 - Voltage 

T3 - Laser Power 

Command 

C1 - Power Supply 
on-o  f f 

C 2  - Current   S tep  

C 3  - Current  Step 

UP 

Down 

F igure  8-4. Block  Diagram  Space  Qualified Nd:YAG Laser  
Power Supply and  Space  Craf t   Interface.  
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C i r c u i t   D e s c r i p t i o n  

F igu re  8-5 shows a block  diagram  of   the power supply,   and  Figure 

8-6 shows a s i m p l i f i e d   c i r c u i t   f o r   t h e   c o n t r o l   c i r c u i t r y   o f   t h e  power 

supply.  A sample   o f   t he   ou tpu t   vo l t age   (o r   cu r ren t )  is  a p p l i e d   t o   t h e  

r e fe rence   ampl i f i e r   i npu t .   Th i s   s ample  is  compared t o  a c o n s t a n t   r e f e r e n c e  

vol tage   f rom a Zener  diode. The d i f f e r e n c e   o u t p u t   f r o m   t h e   r e f e r e n c e  am- 

p l i f i e r  i s  used   t o   con t ro l   t he   f r equency   o f   t he   vo l t age   con t ro l l ed   o sc i l -  

l a tor .   For   example ,   i f   the   ou tput   vo l tage   f rom  the   re fe rence   ampl i f ie r  is 

h i g h ,   t h e   f r e q u e n c y   o f   t h e   o s c i l l a t o r  i s  lowered. The output   o f   the   osc i l -  

l a t o r  is used   t o   t r i gge r  a one-shot   mult ivibrator   which  provides  a cons t an t  

ou tpu t   pu l se   w id th   and   vo l t age   l eve l .   Var i a t ions   i n   t he   i npu t   vo l t age  are 

used   to   vary   the   pu lse   wid th  of t he   one   sho t .  With a cons tan t   ou tput   vo l -  

t a g e ,   a n   i n c r e a s e   i n   t h e   s u p p l y   v o l t a g e   c a u s e s  a dec rease   i n   pu l se   w id th .  

The re fo re ,   unde r   cons t an t   l oad   cond i t ions ,   t he   ene rgy   i n   t he   ou tpu t   pu l se  

i s  cons t an t  . 

The output   pu lse  i s  used   t o   d r ive   t he   i npu t   t o   t he   vo l t age  con- 

v e r t e r ,   F i g u r e  8-7.  The s h a r p l y   r i s i n g  V p u l s e   s a t u r a t e s  Q b r inging  

t h e   c o l l e c t o r   v o l t a g e   t o   n e a r l y  ground p o t e n t i a l  as shown in   F igure   8 -7c .  

Whi l e   t he   co l l ec to r  i s  near   ground,   the  unregulated  input   vol tage  appears  

across   the   p r imary   of   the   ou tput   t ransformer .  

be 1’ 

A t  t h e  end  of t h e  Vbe pu lse ,  Q ,  begins  to t u r n   o f f ,   c a u s i n g   t h e  

p o l a r i t y  of   the   t ransformer   p r imary   to   reverse .   This   f lyback   e f fec t   in -  

c r e a s e s   t h e   c o l l e c t o r   v o l t a g e   t o  a va lue   g rea t e r   t han   t he   i npu t   supp ly  

v o l t a g e  as shown i n   F i g u r e  8-7. The ene rgy   s to red   i n   t he   f i e ld   o f   t he  
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Figure 8-5. Power Supply  System  Block  Diagram. 
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Figure 8-6. Typical  Simplified  Circuit 
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t ransformer is  t r a n s f e r r e d   t o  the o u t p u t   c a p a c i t o r ,  Co, because a decreas ing  

c u r r e n t  i n  the   p r imary   induces  a v o l t a g e   i n   t h e   s e c o n d a r y   i n   t h e   c o r r e c t  

d i r e c t i o n   f o r   c u r r e n t   t o   f l o w   t h r o u g h   t h e   d i o d e .   T h i s   f l y b a c k   t e c h n i q u e ,  

t h a t  is  o p e n i n g   a n   i n d u c t i v e   c i r c u i t   t o   o b t a i n   a n   e n e r g y   t r a n s f e r ,   p r o v i d e s  

a l o s s l e s s   e n e r g y   t r a n s f e r   i f  a l l  components are ideal ,   and  low-loss   t rans-  

f e r  even  with  non-ideal  components.  This same technique  has  been  used a t  

S y l v a n i a   i n   s w i t c h i n g   r e g u l a t o r s   w i t h   v e r y  good e f f i c i e n c y .  

S t a r t i n g   C i r c u i t  

Whenever  power is a p p l i e d ,   t h e  power supply w i l l  supply 500V 

p u l s e s   u n t i l   t h e  lamp f i r e s .  When t h e  laser f i r e s ,   t h e   s u p p l y  w i l l  r e g u l a t e  

a t  t h e  programmed c u r r e n t   l e v e l  a t  approximately 50 v o l t s .  

Command C i r c u i t  

Ten c u r r e n t   l e v e l s  may be programmed externa l ly .   Magnet ic  

l a t ch ing   r e l ays   and   d iode  "OR" ga t e s   p rov ide  a memory f o r   t h e  l a s t  command. 

A "28 v o l t   p u l s e ,  10 mi l l i s econds   l ong ,  is r e q u i r e d   t o   s e t   t h e   r e l a y s   f o r  

the   p roper  command. The d iode  "OR" g a t e  w i l l  only  accept   one command a t  

a t i m e .  I n   t h e   e v e n t   t h a t  two  commands are given a t  t h e  same time, the  

r e l a y s  w i l l  o s c i l l a t e   f o r   t h e   d u r a t i o n  of t he  command w i t h   t h e   f i n a l  

r e s t i n g  s ta te  inde termina te .  

Monitor  Outputs 

Two monitor   outputs  are p rov ided ,   an   ou tpu t   vo l t age  and output  

cu r ren t   mon i to r   w i th   t he   fo l lowing   cha rac t e r i s t i c s :  

Output  Level = 0 V t o  +5 VDC 

Output  Impedance = 10K Minimum. 
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Packaging 

Ex tens ive   u se   o f   t h i ck   f i lm   t echn iques  w i l l  a l low  most   of   the  

d i s c r e t e  components t o   b e   r e p l a c e d  by a 1" x 2" t h i c k   f i l m   c i r c u i t .  

The  power t ransformer ,  power t r a n s i s t o r ,   r e l a y s   a n d   f i l t e r   c a p a c i t o r s  

w i l l  be  mounted t o   t h e   c h a s s i s .  The f o l l o w i n g   s p e c i f i c a t i o n s   a p p l y   t o  

t h e  power supply: 

Es t imated   S ize  = 2" x 2" x 9 " ,  36 i n .  

Estimated  Weight = 2.1   lbs .  

Es t imated   Ef f ic iency  = 80  percent  

3 

Voltage  Output = 25 V t o  500 VDC 

Current  Output = 2A t o  4A 

Ripple   5 .01   percent  r m s .  

I 

The overa l l   package  w i l l  be  RFI t i g h t ,   w i t h   f i l t e r i n g   o n  a l l  

l eads   en te r ing   o r   l eav ing   t he   package .  Two such  packages are  r e q u i r e d   f o r  

t h e  laser tube ,   making   the   to ta l   es t imated  power supply  weight   4 .2   lbs .  

8 . 2  Laser Conductive  Cooling  Experiments 

The pump cavi ty   conf igura t ion   and   the   conduct ive   cool ing  

t echn ique   u sed   i n   t he   p ro to type   space   qua l i f i ed  Nd:YAG laser are q u i t e  

d i f f e r e n t  f rom  convent iona l   p rac t ice .  Some experiments were, t h e r e f o r e ,  

des igned   to  test these   pa r t s   o f   t he   des ign .  

F igu re  8-8  shows t h e   f i r s t   e x p e r i m e n t a l   c o n d u c t i v e l y   c o o l e d  Nd:YAG 

laser con t r a s t ed   w i th  a commercial  Sylvania Model  610 Nd:YAG laser.  This  

laser was cons t ruc t ed   ea r ly   i n   t he   p rog ram.  It u t i l i z e d  a coppe r   hea t   s ink  
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Figure 8-8. Conductively Cooled Flash Pumped  Nd:YAG Laser Experiment. 



onto  which a 3 mm x 50 mm Nd:YAG laser rod was bonded w i t h  silver 

loaded  epoxy. A krypton arc f l a s h  lamp was used   to  pump the   rod .  

The laser w a s  o p e r a t e d   i n  a f l a s h  pumped  mode a t  10 Hz 1.5 msec long 

pu l ses   w i th   an   ave rage   i npu t  power of  105 watts. The average   ou tput  

power from  the laser w a s  0.450 watts. The laser rod  temperature  w a s  

around  120°F  with  the  conduct ively  cooled laser o p e r a t i n g   s t a b l y .  

Heat p ipes  were no t  employed i n   t h i s   e x p e r i m e n t .  A i r  convect ion a t  t h e  

o u t s i d e  of t h e  laser s t r u c t u r e  w a s  used as t h e   u l t i m a t e   h e a t   s i n k .  

The d i f fe ren t ia l   thermal   expans ion   be tween YAG and  copper   badly  s t ra ined 

the  laser rod   in   th i s   exper iment .   Exper iments  were conducted  to  determine 

t h e   e f f e c t  of   temperature   on  the  threshold  of   the laser. L i t t l e  e f f e c t  

was found up to   temperatures   of  7OoC and  the   th reshold  w a s  on ly  up by 

20% a t  100°C. This   does   no t  a t  a l l  ag ree   w i th   t he   t h re sho ld   da t a  

p r e s e n t e d   i n   F i g u r e  4-1. We a t t r i b u t e   t h i s   i n c o n s i s t e n c y   t o  a r e l a x a t i o n  

of t h e  stress as the  rod  and  copper  base are h e a t e d ,   b u t   f u r t h e r  

exper iments   should   be   conducted   to   fur ther   check   th i s   impor tan t  

t empera tu re   e f f ec t .  

Af te r   des ign  of t h e   e n g i n e e r i n g   p r o t o t y p e   d e s c r i b e d   i n   S e c t i o n  

8.1,  i t  was decided  that   an  experiment   should  be  conducted  to  test some 

of t h e  more impor t an t   f ea tu re s   o f   t h i s   des ign .  An experimental  laser t h a t  

tes ted   the   conduct ive   cool ing   and   the  pump cav i ty   con f igu ra t ion   o f   t he  

prototype  design  without   the  complicated vacuum j a c k e t  was designed.  

The  layout  drawing of this laser is shown i n  F igure  8-9. The laser 

u t i l i z e s  a water cooled K r  a r c  as a pump lamp i n   t h e  pump c a v i t y  con- 

f i g u r a t i o n  of the  prototype.   Photographs  of   the  experimental  laser 

are shown i n   F i g u r e s  8-10 through 8-14. 
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Figure 8-9 Assembly Urawing of Krypton Arc Pumped Conductively Cooled Nd:YAG Laser. 



Figure 8-10 Krypton  Arc  Pumped Conductively Cooled Nd:YAG Laser. 
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FZgure 8-12., Pump Cavity of Conductively  Cooled Nd:YAG Laser. 
~~ 
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Figure 8-14 Conductively  Cooled Nd:YAG Laser Rod Mounting. 



This   experimental  laser was b u i l t  la te  i n   t h e  program a f t e r  

t h e   d e s i g n   s t u d y  w a s  complete   and  the  prototype design was complete. 

It r e a l l y   r e p r e s e n t s  work  beyond the   s cope  of t h e  program  but w a s  at- 

tempted anyway. A Sylvania-owned Nd:YAG rod w a s  s e n t   o u t   f o r   t h e   h i g h  

r e f l ec t ion   coa t ing .   P rob lems  were encountered  with  the  coating,  however.  

This gold-on-transparent-oxide  coating was made by   Liber ty   Mir ror   Div is ion  

of  Libby Owens Ford  and  has   been  descr ibed  in   Sect ion  6 .  The g o l d   f i l m  

seemed to   be   s cavenged   by   t he   i nd ium  so lde r   i n   s eve ra l   p l aces ,   even   w i th  

a p r o t e c t i v e   n i c k e l   l a y e r .   T h i s   c a n   b e   s e e n   i n   F i g u r e  8-14, as the  

magni f ied   whi te   spots   tha t   can   be   seen   th rough  the  laser rod.  

Operat ion  of   the pump lamp resu l ted   in   immedia te   separa t ion   of  

the  rod  f rom  the rest of   the  coat ing.  The resu l t ing   uncooled   rod   d id   no t  

lase. The experimental  laser has ,   t he re fo re ,   no t   been   success fu l ly   ope ra t ed  

a t  t h e  t i m e  t h i s   r e p o r t  i s  be ing   wr i t t en .  The laser rod is be ing   recoa ted ,  

however,  and w e  hope t o   o p e r a t e   t h e  laser.  

The Sylvania  Lamp Divis ion  gave  us  a one-inch a r c   l e n g t h  

potassium-mercury lamp w i t h   s a p p h i r e   j a c k e t  similar t o  lamp s p e c i f i e d  

i n   t h e   p r o t o t y p e  laser des ign .   This  lamp is shown wi th  a 2 mm Nd:YAG 

laser r o d   i n   F i g u r e  8-15. We have   des igned   an   a l t e rna te  pump c a v i t y   f o r  

the   exper imenta l  laser shown i n   F i g u r e s  8-9 through 8-14 t h a t   u t i l i z e s   t h i s  

lamp. A layout   drawing  of   the laser w i t h   t h i s  pump c a v i t y   i n   p l a c e  is 

shown i n   F i g u r e  8-16. 
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F i g u r e  8-15 . Potassium-Mercury  Arc Lamp and 2mm Nd:YAG Laser Rod. 
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The r a t i o n a l e  is t o   o p e r a t e   t h e  laser wi th   t he   k ryp ton  arc 

pump lamp  and opt imize i ts  alignment.  The potassium lamp w i l l  then 

replace  the  krypton  and  the  complete   preal igned laser w i l l  b e   i n s e r t e d  

i n t o  a vacuum.  The laser w i l l  t hen   be   ope ra t ed   i n  a vacuum with no 

fu r the r   ad jus tmen t s .  The par ts   for   this   experiment   have  been  completed,  

but   the   experiment   has   not   been  conducted  because of t h e   l a s e r  and 

bonding  problems. 

I L C  Corpora t ion17  has   recent ly  made  some pure  potassium  lamps 

o f   t h e   s i z e   t h a t   f i t s   t h i s   l a s e r .  We hope   t o   ope ra t e   t he  laser wi th  

t h e s e  lamps as w e l l  as wi th   t he   Sy lvan ia  K-Hg lamps. 
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SECTION 9 

CONCLUSIONS AND RECOMMENDATIONS 

9.1  Conclusions 

The des ign   s tudy   repor ted   here   has   deve loped  a t h e o r e t i c a l  model 

of t h e  Nd:YAG tha t   a l l ows   eva lua t ion   o f   t he   e f f ec t   o f   va r ious   pa rame te r s  

on laser performance.  This  model  has  been  found  to agree wel l  with  experi-  

menta l   da ta   on  Nd:YAG lasers wi th   va r ious  pump lamps. 

A low power (1   wa t t )   ou tpu t   space   qua l i f i ed  Nd:YAG laser w i l l  

be  a low ga in   device .  The e f f i c i ency   o f   t he  laser w i l l  be   very  much 

a f f e c t e d  by i n t e r n a l   d i s s i p a t i v e   l o s s   i n   t h e  laser cav i ty .  Good perfor-  

mance can ,   t he re fo re ,   no t   be   expec ted   w i th   h igh   l o s s   i n t r acav i ty   e l emen t s  

such as  non-l inear   second  harmonic  generat ion  crystals   or   e lectro-opt ic  

modula tor   c rys ta l s .  The laser must   be  operated  with  no  intracavi ty   e lements  

and  with  lowest l o s s  m i r r o r s ,  laser rod   and   op t i ca l   coa t ings   fo r   bes t  

performance. 

Heat l o s s  from o p t i c a l  pump lamps g r e a t l y   i n f l u e n c e s   t h e i r  

e f f i c i e n c y   i n  pumping laser materials. Maximum e f f i c i e n c y  is obta ined  

when h e a t   l o s s  is  a minimum and the   on ly   coo l ing  mechanism is r a d i a t i o n .  

Sapphire  jackets are r e q u i r e d   t o   w i t h s t a n d   t h e  thermal environment  of 

radiat ion  cooled  lamps.   These  jackets   must   be  t ransparent   and  not  

scatter the   r ad ia t ion ,   t he reby   r educ ing  lamp b r i g h t n e s s .   P o t a s s i u m   i n  

a h igh   pressure   b roadened   and   reversed   emiss ion   charac te r i s t ic  is t h e  

b e s t  pump lamp p r e s e n t l y   a v a i l a b l e   f o r  pumping Nd:YAG. With t h i s  lamp 
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good laser performance  can  be  obtained a t  power inputs   o f   150  watts 

and  above.  Lifetimes  of  10,000  hours  appear  possible  with  such lasers. 

I 

' I '  
Radia t ion   cool ing  area and  weight  requirements make cryogenic  

(77°C) operat ion  of  Nd:YAG lasers i n   s p a c e   i m p r a c t i c a l .   O p e r a t i o n  a t  0°C 

or   above is r e q u i r e d   f o r   r e a s o n a b l e   c o o l e r   s i z e .  

Incoherent  semiconductor  diodes show grea t   p romise   for  pumping Nd:YAG 

lasers. Room temperature   devices   can  probably  be made but   have   no t  as y e t .  

The l i fe t ime  of   these   devices   can   probably   be   ex tended   to   100 ,000   hours .  

Approximately 90 diodes  of G a A l A s  in   an   a r ray   should   p roduce   one  watt  ou tpu t  

a t  one   pe rcen t   e f f i c i ency  a t  20°C. 

Sun pumping, e s p e c i a l l y   i n  a dual   pumping,arrangement   with  opt ical  

lamp  pumping, appea r s   t o   be  a f eas ib l e ,   ve ry   l ong- l i f e   app roach   fo r   space  

q u a l i f i e d  Nd :YAG. 

Conductive  cooling  of the Nd:YAG laser rod  and  use  of  heat  pipes 

t o  move t h e   h e a t   t o  a r a d i a t i o n   c o o l e r  is t h e   p r e f e r r e d   t e c h n i q u e   f o r  a 

s p a c e   q u a l i f i e d  laser des ign .  Some problems are invo lved   i n   ach iev ing  good 

t h e r m a l   t r a n s f e r   a n d   h i g h   o p t i c a l   r e f l e c t i o n  a t  laser rod  conduct ion  cool ing 

i n t e r f a c e .  

Low mode locking   of   the  Nd:YAG laser can  be  accomplished  with 

i n j e c t i o n   l o c k i n g  a t  h i g h   f r e q u e n c i e s   l i k e  500 MHz. Operat ion a t  low 

f requencies  (50 - 100 MHz) is  n o t   p r a c t i c a l   w i t h   t h i s   t e c h n i q u e .  Loss 
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modula t ion   wi th   an   in t racavi ty   fused   quar tz   resonant   acous to-Dpt ic  

modulator is  t h e   b e s t  mode locking   technique   for   the   lower   f requencies .  

L i t t l e  modula tor   loss  i s  r e q u i r e d   f o r   a c c e p t a b l e   e f f i c i e n c y .  

A p r o t o t y p e   s p a c e   q u a l i f i e d  Nd:YAG laser d e s i g n   c a n   n o t   p r e s e n t l y  

be made wi th  room tempera ture   e lec t ro luminescent   d iodes   because   such   d iode  

laser pumps have   no t   ye t   been   deve loped .  We have  presented a pro to type  

des ign  of a potassium  lamp pumped s p a c e   q u a l i f i e d  Nd:YAG laser.  We have 

t e s t e d  some o f   t he   des ign   f ea tu re s   o f   t h i s   expe r imen ta l ly  and  have b u i l t  

an  experimental  laser capable  of t e s t i n g   t h e   d e s i g n   c o n c e p t   i n   f u l l .  

Technologica l   p robiems  wi th   the   h igh   re f lec t iv i ty   hea t   conduct ion  bond 

t o   t h e  Nd:YAG rod  have  prevented  us  from  completing  these tests on t h i s  

program. 

9.2 Recommendations 

We b e l i e v e   t h e   r e s u l t s  of th i s   engineer ing   des ign   s tudy   and  

ou r   p ro to type   space   qua l i f i ed  Nd:YAG laser des ign  are encouraging. Nd:YAG, 

i t  appears ,   can  be made i n t o  a long l i f e ,  r e l i a b l e ,   h i g h   e f f i c i e n c y   o p t i c a l  

sou rce   fo r   u se   i n   space .  Based  upon these   conclus ions ,  w e  recommend the  

fol lowing:  

A. Construct ion  of  a p ro to type   space   qua l i f i ed  Nd:YAG laser. 

1. Basic design  should  be  compat ible   with  e i ther  lamp 
o r   d iode  pumping. 

2 .  Lamp pumping should   be   used   in   the   p ro to type .  

B. Room-temperature  (or  higher)  diodes  should  be  developed. 
L i t t l e  effor t   should  be  expended  in   making lasers wi th  
low  temperature  diodes.  
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C. Long life  lamp  development  should be initiated  after 
prototype  demonstration. 

D. Work should  be  started  on  modulation of the Nd:YAG laser 
output  for  direct  detection  communications. 
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